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FOREWORD

"Biofilms" or "microbial films" may be defined as communities of microorganisms
adhering to surfaces, usually within a matrix of extracellular polymeric substances. They
appear in many different practical situations in industry and medicine and can be either
beneficial or detrimental.

Their use in bioreactors to degrade pollutant substances in liquid and gaseous
effluents has expanded in the last two decades and is now one of the major waste water
treatment processes. However, when biofilms build up in heat exchangers or cooling
water towers, on reverse osmosis membranes or on ships' hulls, they create additional
heat transfer, mass transfer and frictional resistances, increasing the capital and
operating costs of such equipment. They may also cause contamination problems in the
food processing industry.

In medicine, microbial films form on teeth, implants and prosthetic devices,
sometimes with very serious, even fatal, consequences.

The purpose of this NATO Advanced Study Institute was to encourage discussion
between scientists and engineers working on the different topics of basic and applied
sciences related to the adhesion and development of biofilms on surfaces. Participants
included both experienced researchers from academia and industry and younger
graduate students and post-doctoral associates who are in early stages of biofilm
research.

This book reflects the interaction between researchers from various fields, by
including fundamental chapters on metabolism, microbial adhesion, process analysis
and biofilm modelling, followed by the analysis of biofilm behaviour in wastewater
treatment, food processing, cooling water systems and medicine. Chapters on
prevention and destruction of biofilms, as well as on the laboratory and industrial
techniques used to detect and study biofilm formation are also included. The final
chapter contains short reports of the special discussion sessions that took place during
the meeting.

The editors would like to express their gratitude to all the speakers and participants
for their outstanding collaboration in the Advanced Study Institute as well as in the
present book.

Special thanks are due to the support of the Scientific Affairs Division of NATO,
which made the meeting possible.

The support of the following Portuguese institutions is gratefully acknowledged :
University of Minho and its Biological Engineering Section, Junta Nacional de
Investigagdo Cientifica e Tecnolégica, Fundagdo Luso-Americana para o
Desenvolvimento, Instituto Nacional de Investigacio Cientifica and Ministry of Defense.

The editors wish to thank Rosaério Oliveira, Maria Jodo Vieira and Anténio Brito, from
Minho University, for their invaluable help in the preparation of the Subject Index.

L. F. Melo T. R. Bott M. Fletcher B. Capdeville

Europe and USA, 1992.
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INTRODUCTION TO THE PROBLEM OF BIOFOULING IN INDUSTRIAL EQUIPMENT

T.R. BOTT

School of Chemical Engineering
University of Birmingham
Edgbaston

Birmingham B15 2TT. UK

1. Introduction

Biofouling is a natural phenomenon and it is to be expected therefore
that wherever suitable conditions exist biofilms may form. In
industrial equipment the presence of biofilms may cause problems for the
particular operation or process and the quality of the product may be
adversely affected.

The areas of industrial activity, other than those discussed in
subsequent papers, that may be affected by biofilm formation, are:

1. Cooling water systems

2. Biotechnology

In general the operating conditions associated with these technologies
are conducive to biofilm formation. Nutrients are likely to be present,
the temperatures encountered are those at which many micro-organisms
thrive and for aerobic species air is readily available.

2. Cooling Water Systems

Many industries wuse water as a cooling medium including power
generation, chemical manufacture, steel production and manufacturing
processes generally. Three cooling water systems employ "fresh" water
and include:

1. Closed recirculating

2. Open recirculating

3. Once through

2.1 CLOSED RECIRCULATING SYSTEMS

In these particular systems, as the name implies, the water recirculates
but is contained in a sealed system so that it is not exposed to the
atmosphere. Under these circumstances it is not possible for the water
to become infected with bacteria or other micro-organisms. In this
system biofilm formation is generally not a problem, unless leaks cause
contamination.

3
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2.2 OPEN RECIRCULATING SYSTEMS

In open recirculating systems the cooling water is usually "fresh" water
obtained from a natural source, eg. a river or from a bore hole. Town’s
water is not often used on account of cost. After it has extracted heat
from the process (usually in a heat exchanger) the water passes through
some sort of evaporative cooler, eg. a cooling tower or spray pond. The
evaporation of some of the water removes heat as latent heat in the
vapour thereby reducing the temperature of the bulk. The water loss
must be made up with fresh water. Figure 1 is a simplified sketch of a
cooling water circuit employing a cooling tower.

EVAPORATION E

WINDAGE
W
{ COOLING
MAKEUP M TowER Hﬁgsﬁ)quANGE

-

BASIN l_____>

LEAKAGE L

M |1, T | _BLOWDOWN B

Figure 1. A simplified diagram of a cooling water system

As the cooling tower or spray pond 1is open to the atmosphere
inoculation of the water with micro-organisms from the atmosphere
together with possible nutrients and aeration can occur. The ecology of
the system, if allowed to do so will reach an equilibrium and the
circulating water may contain a spectrum of organisms including
bacteria, algae and fungi. These micro-organisms are likely to thrive
independently in different parts of the system relating to their
preferred conditions. The bacteria may be most apparent on heat
transfer surfaces, the algae in the basins or collecting areas at the
base of the cooling tower or in the spray ponds. The fungi are most
likely to be found on the packing inside the cooling towers that is
there to produce effective mass transfer of water vapour to the air
steam and hence to cool the bulk water.

In addition to evaporative losses, water is removed from the system
due to leakage and there can be a loss from the top of the cooling tower
in the form of droplets. As evaporation takes place the concentration
of dissolved solids increases so that the solubility 1limit of the
dissolved salts may be exceeded and precipitation can occur. Because
the heat exchangers are the hottest part of the system inverse
solubility salts can precipitate on the heat transfer surfaces causing

additional problems. In order to reduce the overall dissolved solids
concentration, water is bled from the system as "blowdown" to be
replaced by fresh water (make up). The overall water balance (see

Figure 1 for nomenclature) may be written as

M=W+E+L+B



5

Nutrients and micro-organisms will also enter with the make up water
depending on the raw water source.

In order to overcome the potential problem of fouling on equipment
surfaces and within pipe work, it is usual to employ a biocide to kill
or reduce the level of biological activity.

2.3 ONCE THROUGH SYSTEMS

In once through systems water is abstracted from a source (say a river
or lake), passed through the equipment to effect the cooling and then
discharged again to the source. Provided the source (and sink) is
sufficiently large the thermal effects are negligible. Similar problems
to those encountered in open recirculation systems are likely to be
experienced.

Once through systems usually employ "fresh" water but they may also
operate with sea water. In the latter, quite apart from the effects of
micro-organisms there is the strong possibility that larger creatures
such as mussels, may inhabit the equipment surfaces.

2.4 PROBLEMS IN COOLING WATER SYSTEMS ASSOCIATED WITH BIOFILMS

The deposition of unwanted micro-organisms and the associated biofilms
cause, amongst others, two major problems. They are:

1. Increased pressure drop (Ap) through the system. The presence of
the biofilm represents a narrowing of the flow channel through which the
water is being pumped. For a given volume flow reduced flow area
represents an increase in velocity (v). Since Ap a v even a modest
amount of fouling will produce a relatively large pressurée loss through
the system.

Furthermore in comparison to the engineering surfaces of the equipment
the biofilm may be considered "rough". The frictional resistance of
rough surfaces 1is greater than smooth (or engineering surfaces).
Additionally the visco-elastic character of biofilms means that
energy is absorbed in the deforming process.

The overall result is an increase in pressure drop that under certain
conditions could be substantial.

2. Reduced heat transfer efficiency. The presence of any layer of
unwanted material on heat transfer surfaces represents a resistance to
heat transfer, ie. the cooling efficiency of the system coolers is
reduced.

In electric power production steam is passed through turbines to drive
the generators. After passing through the turbine the steam is
condensed in a condenser that is usually water cooled. The efficiency
of the turbine is a function of the pressure drop across the turbine
blades. For a given steam pressure the pressure fall across the turbine
is a maximum when the pressure in the condenser is as low as possible.
The efficiency of the power generation therefore depends on the steam
pressure in the condenser that in turn depends on the efficiency of heat
removal in the condenser. Foulants on the coolant side of the exchanger
can adversely affect this process. Even small changes of pressure can
represent significant changes in the cost of producing electricity.



In a particular S00 Mw power station the heat required to generate 1
kWh of electricity rose by 300 kJ for a very small change in condenser

pressure.
Other industrial processes will be similarly affected to a lesser or
greater degree. Quite apart from these two effects pressure drop and

heat transfer resistance that might be substantial, other subsidiary
problems may be manifest. Amongst these is the problem of corrosion.

As a biofilm develops the conditions under the biofilm may be very
different from those in the bulk water away from the surface. There is
a tendency for instance, for the pH to fall (indicating acid
conditions), due to the metabolism of the micro-organisms. The result
may be localised corrosion that can lead to pitting.

Micro-organisms and associated problems in cooling water systems are
given in Table 1 (Kemmer 1988).

Higher life forms (macro-organisms) can cause problems such as the
plugging of inlet screens.

2.5 REMEDIAL TECHNIQUES

It is possible to reduce the effects of biofilms in cooling water
systems by cleaning (ie. the removal of biofilms from industrial
equipment) or the prevention of their formation by the application of
biocides.

2.5.1 Cleaning of Surfaces. Two opportunities for cleaning are
available and include on line and off line cleaning. The former is
accomplished while the equipment 1is still functioning, the latter
requires the plant to be shut down and the heat exchangers say, opened
for access.

On line cleaning can be achieved by physical cleaning or killing the
organisms. Examples include:

1. The circulation of sponge rubber balls with the cooling water (the
Taprogge system). In this technique sponge rubber balls pass through
the heat exchanger and wipe the surface clean. The method is only
suitable for tubular heat exchangers where the cooling water passes
through tubes, eg. power station condensers. A case study (Bott 1990)
demonstrates the effectiveness of the technology in a particular power
station condensers. The "pay back time" for a retrofit system can be
less than 12 months.

2. The use of shock doses of biocide that kill micro-organisms on the
surface and cause sloughing of the biofilm. The concentration required
varies from 10-200 mg/f depending on the particular problem.

Off 1line cleaning 1is wusually achieved by rodding and flushing
techniques to dislodge the biofilm. The application of high pressure
water jets may be necessary in some situations.

2.5.2 Prevention. The techniques described under Section 2.4.1 may be

employed to prevent biofilms becoming established. However, it is
likely that a continuous dosing of biocide will be necessary to maintain
surfaces clear of biofilms. The dosing required will again be a

function of the water condition.
Biofilms may become associated with or encouraged by, other forms of
fouling, such as particulate deposition and crystallisation at the



TABLE 1. Typical micro-organisms and their associated problems

(Kemmer 1988)

Type of organism

Type of problem

Bacteria
1. Slime-forming bacteria

2. Spore-forming bacteria

3. Iron-depositing bacteria

4, Nitrifying bacteria

S. Sulphate-reducing bacteria

6. Anaerobic corrosive
bacteria

Fungi

Yeasts and moulds

Algae

Protozoa

Form dense, sticky slime with
subsequent fouling.
Water flows can be impeded and
promotion of other organism growth
occurs.

Become inert when their environment
becomes hostile to them. However,
growth recurs whenever the environ-
ment becomes suitable again.
Difficult to control if complete
kill is required. However, most
processes are not affected by spore
formers when the organism is in the
spore form.

Cause the oxidation and subsequent
deposition of insoluble iron from
soluble 1iron.

Generate nitric acid from ammonia
contamination. Can cause severe
corrosion.

Generate sulfides from sulfates and
can cause serious localised
corrosion.

Create corrosive localised environ-
ments by secreting corrosive
wastes. They are always found
underneath other deposits in oxygen
deficient locations.

Cause the degradation of wood in
contact with the water system.
Cause spots on paper products.

Grow in sunlit areas in dense fibrous
mats. Can cause plugging of
distribution holes on cooling
tower decks or dense growths on
reservoirs and evaporation ponds.

Grow in almost any water which is
contaminated with bacteria;
indicate poor disinfection.




surface. Techniques to combat these accumulations of unwanted deposits
may also be required.

2.5.3 The Cost of Biofouling in Cooling Water Systems. A number of
costs accrue from the presence of biofilms in industrial cooling water
systems. They include:

1. Increased capital cost. 1In anticipation of a fouling problem it is
usual to over design the heat exchangers (eg. condensers) in respect of
clean conditions. The over design represents additional capital
investment.

2. Additional operating costs. A number of additional costs resulting
directly from the growth of biofilms can be identified.

2.1 Additional energy. Inefficient heat transfer usually means that
extra energy is required. For instance the example of the power station
condensers demonstrates that more energy is required to produce 1 kWh of
electricity in the fouled condition compared to the clean condition.

The increased Ap discussed in Section 2.3 also means that increased
pumping energy will be required. Doubling the velocity could mean a
fourfold increase in pumping energy in addition to that produced by the
increased roughness due to the biofilm.

2.2 Additional maintenance. The need to clean the heat exchangers
represents additional costs. Furthermore the presence of biofilms can
lead to other problems such as corrosion or leaking flanges or pump
malfunction that will require maintenance that might not otherwise
occur.

If the fouling problem 1is protracted and difficult to solve with
existing equipment it may be necessary to install additional plant to
overcome the problem (this cost might be considered as a capital charge
or a maintenance cost).

2.3 The cost of additives. The need to apply biocides and possibly
other chemicals represents a charge to operational costs.

2.4 Lost production. If heat exchangers have to be removed from
service to allow cleaning and maintenance to be carried out this
represents lost production, ie. a loss of revenue from the sale of the
product. These losses may be even more unacceptable if an emergency
shut down is involved.

2.5 Loss of employee morale. Continual problems with the operation
of a heat exchanger can affect the morale of employees, particularly if
there is a bonus scheme that is based on production. There can be
attendant problems, such as a general lack of operating efficiency as a
result.

2.6. Hidden costs. The use of biocides particularly, that persist
in the environment, can lead to other costs when a treated water is
discharged! These costs might involve surveillance and subsequent
treatment if the raw water (ie. from a river) is required for drinking
purposes.

3. Biotechnology

Biotechnology is the application of organisms, and their cellular
subcellular or molecular components to the manufacture of commercial



products.

Biotechnological processes may be catalysed by 1living cells or
specific compounds derived from them, such as enzymes. The
micro-organisms, fungi or bacteria, may be grown in bulk for harvesting
as biomass or employed to carry out specific chemical reactions. The
products include pharmaceuticals, vaccines, diagnostics and a wide
variety of valuable chemical compounds. Some aspects of food production
can be classified as biotechnology, but the associated problems will be
covered by Holah and Kearney (1992).

In general although not exclusively, biotechnological processes are
carried out in what could be called stirred tank reactors.
Fermentations are often carried out in such equipment when the reactors
are usually called fermenters. A simple diagram of such equipment is
given in Figure 2. The tank may vary from a few litres to hundreds of
litres and is usually fitted with some form of stirrer or paddle to
maintain uniform conditions. The tank wall may be fitted on the outside
with a Jjacket or 1limpet coil so that heating or cooling may be

accomplished. The design of the stirrer system will depend upon the
conditions required in the bioreactor, ie. high turbulence or gentle
mixing. The bioreactor may also be fitted with an internal coil for
heating or cooling and baffles to increase turbulence.
=
FOAM BREAKER
-
Liauin _ N
LEVEL -
I JACKET
_~" FOR HEATING
JACKET < i A4 OR COOLING
FOR HEATING D— b{:l
0OR COOLING
oarrie < | o
N RS »,
AGITATOR -
——— AR SPARGE
Figure 2. Diagram of a bioreactor (no internal coil shown for

simplicity)

In the operation of a bioreactor the biological activity is to be
encouraged so that the desired product is obtained and the yield made as
high as possible. Good control of the process is required in order to
maintain product quality. The favourable conditions lead inevitably to
the formation of biofilms on the internal surfaces of the bioreactors
including the vessel wall and the stirrer parts and baffles. The
maximum growth of biofilm on these surfaces is often at the interface
level (between the liquid broth and the air space). Substantial build
up of deposits can occur on the stirrer shaft and the vessel walls at
this point. The problem can be aggravated if foaming occurs that may be
a result of the particular species being employed or the operating
conditions.
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Many bioreactions are carried out as a batch process with cleaning
between batches but some may be operated on a continuous basis.

In many instances the presence of a biofilm is not a serious problem
since it does not build up to excessive levels before the equipment is
cleaned and sterilised for further operations. In others however, the
presence of a biofilm can be a hindrance to effective operation, and a
threat to product quality.

3.1 BIOFILMS ON THE STIRRER (AGITATOR)

The usual effect of biofilms on the surfaces of the agitator is to
reduce the effectiveness of the mixing operation. Good mixing is
essential to maintain effective control of the process.

3.2 BIOFILMS ON VESSEL WALLS AND EXTERNAL COILS

As with cooling water systems the presence of these deposits restricts
heat transfer and as a result may affect batch times or even product
quality. The presence of the biofilm on the surfaces may affect the
kinetics of continuous growth. The consequence of which is a reduced
return on plant investment.

3.3 DOWNSTREAM PROCESSING

During the discharge of the contents of a bioreactor pieces of the
biofilm residing on surfaces may be dislodged and flow out with the
discharge stream.

In the recovery of products downstream from the bioreactor these
"lumps" of biofilm may represent a further nuisance, through the
possible blocking of valves and filters.

3.4 REMEDIAL ACTION

Where high quality products are being produced as is often true in
bioreactions, the use of additives may not be possible because of

product contamination. It may not be even possible to use antifoaming
agents to control the foam in the free space above the agitated liquid.
The use of biocides as with cooling water is of course, not acceptable.

Close clearance agitators where the blades revolve close to the vessel
wall, or in some instances scrape the surface, will serve to remove the
biofilm as it forms. Such techniques can be employed to maintain
trouble-free surfaces, but the retention of the high degree of
engineering tolerances required may represent a maintenance problem.

The usual method of preventing biofouling on the surfaces is to
manufacture to a high degree of finish. Smooth surfaces are generally
less hospitable to micro-organisms than rougher surfaces that provide
crevices in which colonies of micro-organisms can reside (relatively
free of the effects of turbulence in the bulk liquid). Glass linings
may be used to reduce the problem.
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3.5 THE COST OF REMEDIAL ACTION

In general the improvement to the surface finish (or glass lining) can
represent considerable additional capital cost compared to the plant
fabricated to normal engineering standards. In addition high quality
(high cost) maintenance will be required to retain the integrity of the
surfaces.

Close tolerance agitation will also represent a higher capital
investment and skilled maintenance will be essential if the full
benefits of the installation are to be retained.

4. Concluding Remarks

The presence of biofilms in much industrial equipment represents an
operating problen. Allowance for the problem in design results in
increased capital investment and in some examples this can be
substantial. In operation the biofilm is a nuisance that can lead to
increased operating and maintenance costs and in some situations impair
the quality of the product. The overall cost penalty is reduced
competitiveness and lower profitability.

A better understanding of the science and technology associated with
biofilms could lead to improvements in design of equipment with lower
investment costs, and to reductions in operating, maintenance and
associated costs.
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Biological treatment consists of using micro-organisms to break down compounds which it is
not desirable to discharge into the natural environment, by a cycle of transformations that can be
opened on to the outside environment when the products obtained are considered to be non-
polluting. In the case of the biological treatment of urban wastewater, the process requires a mixed
population of micro-organisms to be placed in contact with the pollutant elements of the water to
be treated, i.e. suspended solids and soluble substances of organic or mineral origin. In
conventional biological wastewater treatment processes, this contact takes place in an aerated tank
so as to encourage both the flocculation of the suspended solids with the micro-organisms, and
the oxidation of soluble reducing substances. These so-called Activated Sludge procedures require
prior treatment to remove sand and grease and allow for settling. Their operation relies above all
on downstream clarification which clears the treated water and recycles the mixed liquors in the
aerated tank (see figure 1).

In spite of all its advantages (gravity feed, high buffer capability), it is well known that this
means of purification is limited by the close interdependence between the hydraulic residence time
and the sludge age. If the liquid-solid separation conditions become degraded during running, the
quantity of micro-organisms recycled at the head of the system is deficient and purification
becomes insufficient. Moreover, the technologies can, in certain cases (particularly when there is
only a limited land area available, and when odour and noise are a nuisance), pose problems when
it is necessary to expand them or bring them into line with the new standards (notably concerning
nitrogenous pollution for which the simultaneous increase in hydraulic residence time and sludge
age means that the volume of the installations has to be multiplied by a factor of about three or
four).

In the specific case of water for human consumption, such procedures are inadequate,
considering the large volume of water to be made potable, the low pollutant concentrations and the
risks of micro-organism leakage into the distribution network.

To get around the difficulties in maintaining activated sludge procedures and with a view to
obtaining a more efficient liquid-solid separation for the effluent to be treated as a whole,
procedures have been developed that use micro-organisms attached to a support, the aim being to
dissociate sludge age from hydraulic residence time (Kinner et al., 1988).
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Figure 1. Basic cell of the activated sludge process.

We shall briefly mention the conventional fixed-culture procedures of the bacterial bed type
(bacterial filter, biological disk, or equivalent procedures) invented at the beginning of this
century, which have the advantage of rusticity but are of limited effectiveness, particularly because
of their low specific surface area (about 100 m2/m3). A considerable technological advance was
made, however, in the 1950's with the introduction of plastic support materials that were much
more biocompatible than natural rock (wettability, forosity, density, etc.) and possessed a greater
exchange surface area (of the order of 200 m2/m ). These new bacterial filters contain synthetic
granular filling having a space coefficient sufficiently large to allow plates of excess biofilm to
pass through and to leave room for a spontaneously occurring upflow of air that oxygenates the
medium. The water to be treated is fed in at the upper part of the filter and travels to the inside by
gravity. Since the 1980's, industrial installations have integrated bacterial filters into the secondary
treatment to eliminate soluble organic matter (Norris et al., 1982 ; Orr et al., 1989) and into the
tertiary treatment for nitrification (Parker et al., 1986). The same applications have also been
described for biological disks (Boller et al., 1989).

New technologies appeared at the industrial stage around 1985 as the result of research and
development aimed at associating the retention of colloidal and supracolloidal suspended
substances with the oxidation of carbonaceous soluble pollution in the same apparatus. These
biological filtration technologies, as they are called, make use of reactors in which the wastewater
to be treated is forced through the filling instead of percolating freely under the effect of gravity as
in bacterial filters. These biological filters contain a totally submerged, fine granular support
occupying a height of 2 or 3 meters and having a specific surface area of 300 to 500 m2/m , into
which air is blown for ventilation.

In the first generation, the filtering media consisted of natural materials (such as clay, expanded
schist, sand, carbon, etc.) with a density greater than that of the water to be treated, which made it
indispensable to have a perforated base for the filling to rest on (see figure 2).
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Figure 2. Flow diagram of biological filtration: (A) downflow, (B) upflow.

Among the basic procedures and their variants used in industrial operations, we would like to
mention the following:

- the Biocarbone process from O.T.V. (France), with downflow of the wastewater,

- the Biofor process from Degrémont (France) with upflow of the wastewater,

- the Sulzer company's process (Switzerland), with downflow of the wastewater.

In addition to the advantages specific to these procedures (modularity, possibility of
automation, small ground area occupied), it can be shown that the use of these fixed-culture
reactors has other advantages in the treatment plant. In particular, clarification of secondary
conventional treatment, and recycling of mixed liquor are no longer necessary. These properties
result in far more compact stations which can be covered (insertion in urban environment,
treatment of odours, minimum noise, etc.).

In spite of all the advantages of biological filtration over the Activated Sludge process, such
plant have the major disadvantage of always working in transient mode because of the daily
unclogging required. This leads to the use of systems having characteristics that optimize the
restart phases: use of porous materials with well-implanted cultures, and automation of the
washing cycles (usually performed in the night time).

In France, twenty or so installations for treating organic pollution operate with biofilters. They
intervene in the treatment chain after a device for retaining suspended solids (see figure 3).

The treatment capacity of these stations is between 10 000 and 160 000 inhabitant equivalents
(Gilles, 1989). To give an example, the following large French towns use this technology:
Perpignan, Antibes, Monaco, Toulouse, Bordeaux, etc. A study carried out by CEMAGREF
(Pujol, 1991) on behalf the French water agencies has shown that biofilters have the following
operating characteristics on an industrial scale: hydraulic loading 2 to 5 m3/m2.h, volumic loading
3to7kg Ccob/m3.4, efficiency on COD 70% and sludge production 0.44 kg SS/kg COD
eliminated. These processes have demonstrated their capacity to absorb daily fluctuations in flow
and pollutant loading of the wastewater to be treated.
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Figure 3. Flow diagram of wastewater treatment plant with biological fitration.

We have just seen the advantages of using submerged granular bed reactors for treating
carbonaceous organic pollution. Another advantage is, of course, to be found in the field of
nitrogenous pollution, given the new recommended standards. Nitrifying bacteria can attach to a
granular medium and, although their growth rate is low, it is possible to use them in a biological
filter to eliminate ammonia (Rogalla et al., 1988). Thus, the initial expansion to bring water
treatment stations into conformity has consisted of adding a tertiary, wastewater nitrification
process using fixed cultures. Denitrification can also be performed in a biological filter (Polprasert
et al., 1986), allowing total elimination of nitrogen from wastewater at secondary treatment level
in a station. The conventional system (see figure 4) advocated is recycling of the nitrified effluent
in an anoxic filter (Jimenez et al., 1987) similar to single-sludge nitrification and denitrification.
The downflow anoxic biological filter performs denitrification (reduction of nitrates to molecular
nitrogen and oxidation of soluble organic substances) and retention of suspended solids in the
water to be treated. The biological filter with upward ventilation then ammonifies and nitrifies the
wastewater. There have recently been a few installations set up on an industrial scale (Gilles et al.,
1987 ; Mange et al., 1989).
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Figure 4. Flow diagram of nitrification and denitrification process using biological filters.
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But the first use of fixed cultures for denitrification on an industrial scale was in the field of
water to be made potable. Biological procedures were added to the existing treatment systems in
order to resorb nitrates from groundwater which, in certain intensive farming regions, exceeded
the levels acceptable for drinking water. These procedures, derived from biofiltration processes
for urban wastewater, are specific to the treatment of potable water (in particular, the material is of
quality suitable for contact with food). These procedures are: Nitrazur from the Degrémont
company (Richard et al., 1986) and Biodénit from the O.T.V. Company (Ravarini et al., 1988).
They only concern the biological reaction, filtration not being concerned.

We have just seen the interest of fixed culture processes using a fixed granular support in the
spheres of urban wastewater and potable water treatment. But, since 1986, these processes have
also been in use in Europe for the anaerobic treatment of industrial waste, e.g. distillery and starch
wastewater. The processes use the plastic materials originally developed for bacterial filters and
allow the treatment of water with concentrations up to 40 g COD/1 with an efficiency of 95%
(Seyfried et al., 1989 ; Racault, 1989).

The second generation of submerged filters, currently in the pre-industrialization stage, involve
the development of technologies implementing floating supports composed of synthetic materials
having a density lower than that of water (e.g. polystyrene). These technologies overcome some
of the disadvantages of the previous systems, notably in the filter regeneration phase for which
large amounts of fluid (water and air) and power can be consumed to loosen the bed and wash
away excess sludge. The procedure that takes advantage of this technological advance is the
Biostyr from the O.T.V. company, which operates with upflow of both the water to be treated and
the process air through a floating support kept inside the reactor by a perforated lid. The
possibilities of this procedure in the intensive elimination of pollution containing nitrogen
(nitrification-denitrification) and phosphorus, investigated on a pilot scale by Goncalvez et al.
(1992), lead us to predict its interest for compact stations treating pollution containing carbon,
nitrogen and phosphorus.

With a view to improving fixed culture procedures, studies were undertaken on the
possibilities of fluidizing certain types of fine natural matenals (sand, pumice stone, clay, etc.) so
as a) to increase the exchange surfaces (from 500 m /m for the fixed bed to 1500 m /m for the
fluidized bed) and thus the quantity of micro-organisms fixed per unit volume and b) to have
system with a continuous, non-clogging supply. Although the fluidization is performed by the
upflow of the water to be treated assisted by recycling (upflow velocity 10 m/h), the procedure
may comprise two (material - liquid) or three (material - liquid - gas) phases. The fluidized bed
technologies have reached an industrial scale for the case of two-phase systems (anaerobic
process), but the number of installations remains very limited. For example, MacDonald (1989)
reports the implementation of a fluidized sand bed reactor for the tertiary denitrification of urban
wastewater in a plant treating 25 000 m3/d. For the treatment of industrial wastewater, the
Degrémont company offers the Anaflux methanization procedure. An industrial plant is known to
exist in Spain for treating brewery waste (Oliva et al., 1989).

As far as three-phase fluidized beds are concerned, oxygenation systems have been developed
such as the Oxitron system (Dorr-Oliver Ltd., Sutton et al., 1981) and the U-tube (Jeris et al.,
1981). However, the development of these procedures has remained at the pilot stage except for a
few industrial realizations (Nutt et al., 1984 ; Hare et al., 1988). The reasons for this are the
following : a) difficulty in distributing gaseous and liquid fluids loaded with suspended solids
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over large base areas, b) great instability of the fluidized bed due to the accumulation of biofilm on
the materials and c) abrasion and loss of materials.

These factors can be summed up in the inability of natural materials (whose characteristics are
high density and low grain size) to maintain their volume properties as time passes, and the
interference of the fluidized material in the gas-liquid transport (Diniz Leao, 1984 ; Hatzifotiadou,
1989). It is nevertheless possible to avoid these difficulties by using materials suited to this type
of reactor, particularly composite thermoplastic materials such as those developed in our institute.
These granular materials, called OSBG (Optimized Support for Biological Growth), have a
diameter of a-few millimeters and a density close to that of water (about 1100 kg/m 3). It is thus
possible to keep a three-phase fluidized reactor in stable conditions (without loss of materials),
developing a thin, very active biofilm, the interest of which will be explained in the over article
published in this volume (Capdeville et al., 1992). To give an example, this process used for the
treatment of organic pollution in urban wastewater gave an elimination efficiency of 85% for an
applied loading of 15 kg COD/m3.d (Lertpocasombut, 1991). This pilot system has also been
used for the denitrification of drinking water (Lazarova et al., 1992). '

The knowledge acquired through the research on biofilm reactors enables new systems to be
envisaged that are more compatible with urban wastewater systems (where considerable amounts
of suspended solids are present). The approach consists of keeping both the advantages of
cultures attached to a granular medium and those connected with free cultures. In this case it is
possible to develop mixed cultures in reactors of conventional form, i.e. with gravitational liquid
feed, but into which fixed submerged support material is introduced. The interest of this
procedure lies in the prospect of simultaneous elimination of pollutants containing carbon and
nitrogen (nitrification) in the same tank (Hegemann, 1984 ; Schlegel, 1988). The presence of
support material enables the mass loading to be reduced and the sludge age to be increased
independently of the hydraulic residence time. For the moment, a few full-scale trials have been
carried out with promising results (Bonhomme et al., 1989). A variant of this procedure is the use
of granular material kept moving by the mixing caused by the ventilation of the tank. These so-
called turbulent bed reactors have been studied at laboratory level (Nicol et al., 1988).

In conclusion, water treatment and purification procedures have fundamentally evolved in the
last 15 years towards the use of fixed cultures. These procedures have the advantage of treating a
large flow in the same reactor volume, thus allowing stations to be more compact (notably for the
simultaneous elimination of carbon, nitrogen and phosphorus) whilst dealing with the problems of
odour reduction, noise abatement, the integration of the installations in the landscape, and the
modularity and automation of the plant. The first generation of such procedures consisted above
all of industrializing fixed submerged granular beds of the sinking or floating type. At present,
new perspectives have been opened up by improvements made to these techniques or by the use
of materials with the same characteristics but mobile in the liquid phase to be treated.

In all these processes, a fundamental question as yet unanswered concerns the reactivity of a
biofilm itself and whether high concentrations of micro-organisms need to be maintained or not.
In the over article presented in this volume (Capdeville et al. 1992), we shall discuss further the
interest of thin biofilms and the limits of the conventional diffusion theory in explaining the
biological processes taking place in a biofilm.
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1. Introduction

Biofilms associated with health can be approached from three different points of
view (Costerton et al, 1987). Firstly, biofilms can be distinguished which are
directly associated with tissue surfaces in the body. These biofilms in the healthy
body occur for example in the oral cavity both on teeth as well as on the oral
mucosa, but also in the digestive tract and in the female genital tract. These
"normal" biofilms may have a role in the prevention of certain infections
(Embery et al, 1991, Reid et al, 1990). However, in these habitats pathogenic
microorganisms are able to overgrow this "normal" biofilm. Further areas in the
body where pathogenic biofilms may develop are the airway and urinary tract
(see Table 1 for a summary).

The mechanisms by which a pathogenic microflora can overgrow the normal
biofilm are manifold and include microbial cell surface compounds and excreted
microbial compounds such as enzymes, bacteriocins or biosurfactants. The change
from a normal bacterial flora to a sudden dominance of pathogenic organisms
may be induced by changes in tissue surface chemistry, antibiotic therapy or age
(Costerton et al., 1987, Reid et al, 1990). It has been suggested by Pratt-Terpstra
et al, (1989), that a biosurfactant producing Streptococcus mitis, an oral
non-pathogenic microorganism, may play a role in preventing the adhesion of
cariogenic mutans streptococci. A role of microbial biosurfactants in other parts
of the body is not unlikely, though never studied vigorously up to date.

In most biofilms directly associated with tissue surfaces in the human body, the
biofilms have to persist against shear forces due to periodically flushing or
mechanical movement. In order to overcome these shear forces the micro-
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organisms developed strategies to adhere more tightly including the production
of adhesive polymers and the use of fimbriae, fibrils and other surface
appendages.

TABLE 1. Examples of microorganisms found in commensale, normal biofilms
and their pathogenic counterparts.

Physiological Normal Pathogenic
environment microflora microflora
skin Corynebacteria Candida
Mycobacteria Fungi
Streptococci
Staphylococci
Micrococci
Propionibacteria
oral mucosa Streptococci Bacteroides
Micrococci Actinobacillus
Pneumococci Fusobacterium
Actinomyces Candida
Veillonella
Peptostreptococci
digestive tract Bacteroides Vibrio
Escherichia Shigella
Streptococci
vagina Lactobacilli Escherichia
Bacteroides
Gardnerella
Mobiluncus
Candida

Secondly, there are biofilms associated with biomaterials implanted in the
human body (Bisno and Waldvogel, 1989; Dankert et al, 1986; Gristina, 1987;
Jaques et al, 1987). Medical biomaterials are made from a variety of different
materials with a wide range of mechanical and surface properties. The materials
include rubber, polymers, metals and ceramics are used for different types of
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implants such as prostheses, grafts and catheters. The crucial property of a
biomaterial is its biocompatibility. By definition a biocompatible material is a
material which does not lead to an acute or chronic inflammatory response and
that does not prevent a proper differentiation of implant surrounding tissues
(Williams, 1987). It is very difficult to implant a biomaterial totally sterile and
therefore they become frequently colonized by microorganisms. However, other
indirect entry paths for microorganisms are also possible.

Thirdly, biofilms can be distinguished which are not directly associated with
health. These biofilms occur for example in water distribution systems or in the
cooling towers of air conditioning systems (Flemming and Geesey, 1991;
Howsam, 1990). There appears to be a general consensus in biomaterials
research that there is not yet a material which will not eventually become
colonized by microorganisms.

However, there is also a consensus that it should be possible to reduce the
adhesive forces that keep the biofilm attached to a substratum or the cohesive
forces within a biofilm (Mozes et al., 1987; Biichs et al, 1988). Such an approach
puts major emphasis on the interaction of the initially colonizing strains with the
substratum. Furthermore, this approach would allow easier removal of the
biofilm despite its formation. Also, when the physical environment of the biofilm
under consideration would include shear, a natural removal might be feasible.

This review will concentrate on biofilms occurring on biomaterials implanted in
the human body, with special emphasis on the formation of a biofilm on
biomaterials and the impact of excreted microbial molecules as anti-adhesive
compounds. Finally, multispecies bacterial biofilms and mixed procaryotic -
eucaryotic biofilms will be elaborated upon and a case study on mixed biofilms
on silicone voice prostheses will be presented.

2. Biofilm formation on biomaterials

Whether or not a biomaterial is implanted totally inside the human body or
partly in connection with the outside, it has been argued that it is inevitable that
a microbial infection will occur sooner or later. Gristina has called biomaterial
implants "a microbial time bomb", the most commonly isolated strains being
Escherichia coli, staphylococci or pseudomonas species. The initial events after
implantation of a biomaterial include the formation of a conditioning film and a
subsequent "race for the surface" (Gristina et al., 1989a) between tissue cells and
microorganisms. If this race is won by the tissue cells, a long term patency of the
implant is generally insured.

The conditioning film will be built up by molecules originating from the



24

different body fluids surrounding the biomaterial such as saliva, mucus, serum or
blood (Gristina et al, 1991). Depending on the surface properties of the
biomaterial different molecules will adsorb to the biomaterial. In addition, the
molecules may adsorb in various ways as different parts of a macromolecule may
have a different hydrophobicity and charge. Thus the three-dimensional
orientation of a molecule at an interface can be totally different on various
biomaterials as pointed out by Neu and Marshall (1990) and therewith affect the
interaction of cells and microorganisms with the biomaterial.

In order to colonize biomaterials, microorganisms have to be transported to the
surface. This process may be active or passive. For motile bacteria and micro-
organisms actually growing "into" the body along an interface, as for example in
urinary tract infections, it might be an active process. If the microorganisms are
transported with the body fluids it is evidently a passive process.

During the initial adhesion phase, physicochemical properties of the microbial
cell surface as charge and hydrophobicity are important and determine whether
the cell can adhere to the surface (Rouxhet and Mozes, 1990). The significance
of microbial cell surface hydrophobicity in adhesion to biomaterials was recently
discussed in detail by Klotz (1990) emphasizing that most hydrophobic bacteria
are not virulent or pathogenic to the normal host, but that they will become
involved in infections when host barriers are breached due to the insertion of a
biomaterial.

After the initial adhesion step, the microorganisms attach to the surface
involving amongst other factors the production of microbial polymers (Neu and
Marshall, 1990), mediating the final strength by which the biofilm will be
attached to the surface. At this stage it is important to realize that the final
biofilm is only attached as strongly as its weakest chain which should
preferentially be represented by the microorganisms and their polymers in direct
contact with the interface.

After the attachment phase the microorganisms may start to grow at the
interface and in a colonization step eventually will form microcolonies and
develop into a biofilm. The microorganisms in the biofilm are immobilized in a
polymer matrix which has a significant role in biofilm processes (Neu, 1992).
Further colonization can involve microbial cell-cell interactions which may be
observed after initial adhesion by pioneering microorganisms (Dworkin, 1991).

The final phase in biofilm persistance are removal processes. For biomaterials
this includes active detachment of single microbial cells, shear related removal
and sloughing (spontaneous detachment of larger parts of the biofilm). In studies
on the sloughing of biofilms it was found that anaerobic gas production by
bacteria and extracellular polymers of bacteria are involved in the detachment
from surfaces (Bryers, 1988).
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3. Biofilm matrix polymers and microbial biosurfactants

Microbial surface polymers involved in the interaction of cells with interfaces are
mainly polysaccharides (Christensen, 1989, Jann and Jann, 1990a; Neu, 1992).
However, also proteins may be present in the form of S-layers, protein capsules,
fimbriae or fibrils (Jann and Jann, 1990b).

In biofilms, microbial exopolymers build up the biofilm matrix. This matrix
represents a three dimensional network which is responsible for the mechanical
properties of the biofilm and which is involved in the chemical processes
between the bulk phase and the biofilm as well as within the biofilm. The
function of polysaccharides in biofilms on biomaterials are wide spread and are
listed in Table 2.

TABLE 2. Possible functions of bacterial polysaccharides in infections related to
biomaterials (Neu, 1992).

Form of polysaccharide Role in health related biofilms
Intracellular Energy storage
Cell surface bound Reversible adhesion

Microbial aggregation
Bacterial capsule antigen
Protection against phagocytosis
Matrix polymer Microcolony formation
Cryptic growth
Protection from antibodies
Protection from complement system
Protection from antibiotics
Ionic interactions
Released polymer Bacterial antigen
Microbial detachment

By employing scanning confocal laser microscopy fully hydrated microbial
biofilms have been visualized. It was found that, depending on the species, a
biofilm may show a certain cell density at the attachment surface and become
more diffuse in the outer regions. However, with other species the opposite
arrangement has been observed. In addition, it could be demonstrated that a
biofilm does not represent a closed layered system, but that it shows an open
architecture. A network of channels connecting the outer layers with the basal
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layers of the biofilm allows the exchange of gas and nutrients (Lawrence et al.,
1991).

The biofilm mode of growth of infectious microorganisms is especially
troublesome in health related problems because antibiotics are not very effective
against microorganisms in biofilms and the concentration to achieve the same
effect compared to planktonic cells is several magnitudes higher. The antibiotic
resistance of Pseudomonas aeruginosa biofilm and planktonic cells was
investigated in detail by Nickel et al, (1985) and it was found that bacteria in old
biofilms were the most resistant compared to bacteria in young biofilms and
planktonic cells (Anwar et al, 1989). By exposing Pseudomonas bacteria to Ca®*
ions they showed a higher resistance against tobramycin (Hoyle and Costerton,
1989). A combination of two antibiotics, tobramycin and piperacillin, resulted in
a enhanced killing of biofilm bacteria (Anwar ef al, 1990).

Comparative studies with several biomaterials and coagulase-negative
staphylococci using a range of different antibiotics could also demonstrate a
higher resistance of sessile bacteria (Gristina et al, 1989b). Although it is not
exactly clear why sessile cells are less sensitive, it has been suggested that this is
due to the shielding acting of the polysaccharides and cell clumps in the biofilm,
as visualized by confocal laser microscopy.

Finally, microbial compounds which can be excreted and possess surface active
properties may have a determinant influence on the ultimate microbial
composition of the biofilm. An in vitro study on oral bacteria showed that
excreted substances from Streptococcus mitis decreased the adhesion of the
cariogenic strain, Streptococcus mutans, on glass. Furthermore, the surface active
character of this compound could be demonstrated (Pratt-Terpstra et al, 1989).
Flow chamber experiments with bacteria from the periodontal pocket indicated
that pre-conditioning of glass with Streptococcus cricetus reduced the deposition
rate of Prevotella intermedia (Cowan and Busscher, submitted), possibly by
leaving "microbial footprints” (Neu and Marshall, 1991, Neu, in press). Surface
active compounds were also involved in stimulating the desorption of
Streptococcus thermophilus, a dairy organism, from glass surfaces. The surface
bound molecules produced by the adhering cells themselves prevented the later
deposition of freshly cultured cells to this interface (Busscher et al, 1990). The
above examples point out that there may be a role for microbial biosurfactants in
establishing multispecies biofilms.

4. Multispecies biofilms

Biofilms in nature are built up by mixed populations of different microorganisms.
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However, apart from a few early studies (Dias e al, 1968, Maigetter and Pfister,
1974, Veldkamp and Janasch, 1972) mixed species biofilms were investigated
mainly in the last few years. In binary bacterial biofilms it could be shown that
adhesion is influenced by the presence of another species, the species
combination, the surface properties and the sequence of adhesion (McEldowney
and Fletcher, 1987). Similar results are reported by authors studying the
competitive adherence of bacteria to nasal epithelial cells (Bibel et al, 1983). In
another report on binary population biofilms it was demonstrated that the
establishment of a microorganism is a function of its growth rate (Banks and
Bryers, 1991). Oppositely, it was reported for a Klebsiella pneumoniae -
Pseudomonas aeruginosa binary biofilm, that both species do not influence each
other (Siebel and Characklis, 1991). When true multispecies biofilms are
investigated the results were even more differentiated as described for the
colonization of glass by using four different bacterial strains (Cowan et al, 1991).

A few years ago it was still not possible to study the distribution of a certain
bacterial population within a biofilm. The development of oligonucleotide probes
and the use of the polymerase chain reaction made it possible to detect even a
single bacterial cell within a mixed biofilm. Now for quick identification of
specific bacterial populations within a biofilm, fluorescent dye-labeled
oligonucleotide probes are available (Amann ef al, 1990, Amann et al, 1992).

Biofilms in nature represent a complex sytem in which bacteria may dominate.
However, natural biofilms are always subject to grazing by eucaryotic organisms.
In addition, true mixed procaryotic - eucaryotic biofilms can also be found. This
situation is typical for the medical field where often mixed bacteria - yeasts
biofilms are described in colonizing tissues as well as biomaterials. Only a few
reports exist on mixed procaryotic - eucaryotic biofilms in the medical/
biomaterial field (see also section 5.). In most cases the studies concentrated on
the isolation of the microorganisms to detect potential pathogens as for example
in catheter-related vascular infections (Sherertz et al, 1990). Other investigations
described the interaction of bacteria with eucaryotyic cells as in the case of
ocular inflammations caused by bacteria and amoebae (Johns, 1991).

5. Case study on mixed bacteria - yeasts biofilms

A mixed bacteria - yeasts biofilm can be found on silicone voice prostheses.
Silicone voice prostheses are implanted in patients after laryngectomy. The
prosthesis is inserted in a shunt between the tracheostoma, through which the
patients have to breath, and the upper digestive tract. Thus the prostheses are
located in an unsterile environment and become rapidly colonized by
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microorganisms which results in the frequent replacement of the prostheses.

A mixed bacteria-yeasts biofilm could be demonstrated on explants both by
scanning electron microscopy (Neu ef al, submitted a) and by isolating the
microorganisms (Neu ef al., submitted b). Scanning electron microscopy showed a
dense biofilm (see Fig, 1) covering the entire prostheses already after several
weeks. If the microorganisms colonize the inner parts of the valve (see Fig. 2) it
will lead to the failure of the prosthesis. Details of the mixed biofilm are shown
in Fig. 3 revealing the close association of different yeast forms and bacteria.

The identification of the microorganisms revealed about two third of the
species as bacteria, mainly streptococcal species and one third as yeasts, mainly
candida species. Cell surface characterization showed that only a few bacteria
have fimbriae; however, most of the strains possess a ruthenium red stained
layer.

Figure 1. Scanning electron micrograph of the "Groningen Button" silicone voice
prosthesis covered by a mixed biofilm consisting of bacteria and yeasts (bar 1.5
mm).
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Figure 2. Scanning electron micrograph of the valve region colonized by
microorganisms eventually leading to the failure of the prosthesis (bar 100 xm).

Figure 3. Scanning electron micrograph demonstrating the mixed bacteria-yeasts
biofilm on a silicone voice prosthesis (bar 25 um).
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Figure 4. Comparison of cell surface hydrophobicities of bacteria and yeasts
isolated from silicone voice prostheses determined by microbial adhesion to
hydrocarbons.
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Cell surface hydrophobicity as by microbial adhesion to hydrocarbons varied
(Neu et al.,, submitted b). Hydrophobicity values of the bacteria were in general
much higher than those of the yeasts (see Fig. 4). On a purely physicochemical
basis this is hard to understand because it would be expected that only
hydrophobic cells would adhere to the hydrophobic silicone rubber and not also
hydrophilic cells. In oral microbiology mixed bacteria-yeast biofilms have been
described in relation to denture stomatitis. The initial colonization by bacteria of
a denture turned out to be a prerequisite for the subsequent adhesion by
Candida albicans (Verran and Motteram, 1987).

Thus we hypothetically explain the colonization of the silicone voice prosthesis
by hydrophobic bacteria and by hydrophilic yeasts as follows. The initially
adhering hydrophobic bacteria may precondition the silicone material with a
biosurfactant to render it more hydrophilic so that the hydrophilic yeast cells are
subsequently able to colonize the prostheses.

This hypothesis is under further investigation and, when proven, may affect our
way of approaching the formation mechanism of complex biofilms in health
related problems and other areas.
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1. Introduction

Of major importance in food processing is the freedom of microbial (spoilage
and pathogenic microorganisms§J and foreign body contamination in the finished
product. Such contamination may lead to product recalls with their associated
adverse publicity resulting in loss of customers, sales and profits. If regulatory
requirements have been infringed, fines, sanctions or ultimately site closure or
loss of export licence may ensue.

Contamination in food products may arise from 4 main sources; the
constituent raw materials, surfaces, people (and other animals) and the air.
Control of the raw materials is addressed for example, by specifications, positive
release of materials after sampling, QA/QC procedures and supplier audits, and
is the only non environmental contamination route. Food may pick up
contamination as it is moved across product contact surfaces or if it is touched or
comes into contact with people (food handlers) or other animals (pests). The air
acts as both a source of contamination, i.e. from outside the processing area or as
a transport medium e.g. moving contamination from non product to product
contact surfaces.

In other scientific disciplines, biofilms are envisaged as biological growths on
surfaces consisting of higher organisms (sometimes), a multitude of microbial
cells and extracellular polymers which develop with time. However, in the food
processing industries, the time dimension for biofilm development is usually
relatively short. Production lines in many food industries may operate for as
little as less than an hour, while others may run for several days. In addition,
the cleaning regimes on most sites are coordinated to coincide with the varying
production intervals, or with what is deemed practical to comply with adequate
hygienic standards throughout the processing site, and as such, time for biofilm
formation may be limited. For the food processing industry, therefore, the term
biofilm is more associated with the attachment and growth of microorganisms on
surfaces rather than the development of thick biological films over long time
periods. The type of microbial species present is also extremely important and
whilst relatively high levels of non-spoilage or non-pathogenic microorganisms
on surfaces may be tolerated, the presence of food pathogens e.g. Salmonella spp
or Listeria spp would generally not be acceptable. Nevertheless food processing
environments have an abundance of exposed surfaces upon which microbes may
attach, grow, develop into microcolonies and possibly form a surface covering in
excess of 10° cells/cm? which constitutes a "typical’ biofilm.
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TABLE 1. Summary of literature reports on microbial
adhesion and biofilms in food processing environments

Product Time Count Method Reference
Raw Milk 20h S.E.M. Zoltai et al.
(1981
Raw Milk 2-6h 0, Swab Bouman et al.
(inoculated) 12h 10%/cm? (1984)
Pasteurised milk ~ 2-6h Oxéganisms present
(inoculated) 12h 10"/cm?
Milk 5 8.13x10%/cm? Squeegee Lewis & Gilmour
days  Mesophjles (ss) rinse (1987)
3.47x10 /em?
Mesophiles (rubber)
8.51x107/cm?
Psychrgtrophs (ss)
8.55x10 '/em?
Psychrotrophs
(rubber)
Baked beans 2-4h  206x 10? /em? DEM Holah et al.
transport belt 6-8h 107 x 10 4em’ (1989)
12h >1.67 x 107 /em?
16h >4.30 x 10" /em?
Egg glaze bath 0-2h  804x 10:11 /em?
2-4h  2.00x10 4 /em?
4-6h  9.00 x 10, /em?
6-8h 170 x 10~ /em?
Fish filleting 02h 4.0 x 107 /em?
2-4h 230 x 104 /em?
4-6h  130x10 3 /em?
6-8h  3.35 x 10~ /em?
Buttermilk in 02h 226 x 10 e’
margarine 2-4h 184 x 10, /em’
production 4-6h 176 x 10 /cm?
6-8h  8.07 x 10~ /em?

Biofilm development in these environments can have detrimental effects on
the microbial status of the food. The presence of biofilms on surfaces harbouring
many bacteria, including pathogens, can contaminate the food through direct
contact or indirectly by vectors such as personnel, pests, air movement and
cleaning systems. As a consequence, there is an increased chance of food spoilage
that may lead to reduced shelf life and an increase in the risk of food poisoning

from pathogens.
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Provided that the process environment and production equipment have been
hygienically designed, cleaning and disinfection, or referred to together as
sanitation, is the major day to day control of the ’surface’ route of food product
contamination. When undertaken correctly, sanitation programmes have been
shown to be cost effective, easy to manage and if diligently applied, can reduce
the risk of microbial and foreign body contamination. Given the intrinsic
demand for high standards of hygiene in the production of short shelf-life
chilled foods, together with pressure from customers, consumers and legislation
for ever increasing hygiene standards, sanitation demands the same degree of
attention as any other key process in the manufacture of safe and wholesome
chilled foods. In addition to removing microorganisms and/or material conducive
to microbial growth, sanitation programmes extend the life of and prevent
damage to equipment and services, provide a safe and clean working
environment for employees, boost morale and productivity and present a
favourable image to customers and the public.

2. Food Industry Biofilms

The development and control of biofilms has been widely studied in many
diverse fields, including medical (Costerton, 1984; Marrie and Costerton 1984;
Absolom, 1988; Conway and Ronald, 1988), water treatment (Bryers and
Characklis, 1990) and ore extraction (Bryers, 1990). In contrast relatively few
studies have been published on biofilms in the food industry.

TABLE 2. Microbial levels on vegetable processing contact surfaces

Area Coupon Count/cm? on Count/Swab
Exposure attached plate © (25cm?)
(hours)

Raw vegetable
Carrot Line 5 9.60 x 10 1.76 x 10°
Potato Line 5 5.43 x 10 381 x 10°

Cooked vegetable

Carrot Line 6 3.63 x 104 442 x 108
Potato Line 6 2.50 x 10 7.80 x 102
Bean filling 24 127 x 10° 397 x 108

Literature reports on microbial adhesion to surfaces in food processing sites is
reviewed in Table 1. In the dairy industry, Zoltai et al. (1981) used scanning
electron microscopy to demonstrate the adhesion of bacteria to stainless steel
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chips secured to the inside of a milk storage tank. Bouman et al. (1982) also used
scanning electron microscopy to illustrate the attachment of microbes to the
surface of a pilot plant milk pasteuriser. Enumerating surface contamination
levels using a swab technique, they found higher microbial levels on the plates in
the pasteurised section than the raw milk section. Similar results were obtained
by Driessen et al. (1984) in laboratory experiments, which they attributed to
growth inhibiting compounds in the raw milk.

Lewis and Gilmour (1987) investigated the adhesion of natural milk flora to
transfer pipes composed of stainless steel and rubber. They found that
quantitatively and generically the adherent population on the two surfaces were
not significantly different. This is in contrast to a review by Fletcher (1991)
which details several reports of substratum influences on microbial attachment.
Lewis and Gilmour (1987) also found that the microbial constitution of the milk
differed from that of the adherent population.

TABLE 3. Microbial levels on processed can lines

Area Coupon Count/cm? on Count/Swab
exposure attached plate (25cm?)
(hours)
Processed can line 1 24 3.42 x 104 2.55 x 102
Processed can line 2 24 425x10° 4.55 x 10
Processed can line 3 6 8.35 x 104 1.38 x 103
16 440 x 10 ND
Beneath can line 20 153 x 105
Processed can line 4 6  155x10% 465 x 102
' 16 670 x10* ND

24 165x10%

Waste can discharge area 4 173 x 10° 111 x 108
24 (>350x10)

Microbial adhesion to various food processing surfaces was also studied by
Holah et al. (1989). This involved attaching stainless steel plates, or coupons, to
different product lines for varying time intervals, subsequent staining with
acridine orange and examination using direct epifluorescent microscopy (DEM).
The results of the trials showed microcolonies formed on an egg glaze and a
buttermilk line, while multilayered biofilms developed after 8 hours on a baked
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bean line.
3. Current Work

Investigations into the development of food processing environmental surface
biofilms is now continuing at Campden Food and Drink Research Association
under the auspices of a 3 year Ministry of Agriculture Fisheries and Food
research project. The aim of this project is to identify locations in factories
where biofilms may develop, elucidate the critical factors promoting and
preventing their formation, and establishing methods for their control.

The results of some recent factory trials are shown in Table 2. To determine
microbial attachment to surfaces and biofilm development, stainless steel plates
(10cm x 4cm) were attached to surfaces, stained with acridine orange on removal,
and examined using an epifluorescent microscope linked to an Optomax V image
analyser (Synoptics Image Processing Systems, Cambridge). Surface
contamination was also enumerated by a traditional swabbing method.

Table 2 shows microbial accumulation on surfaces in vegetable processing
environments. Over the time intervals studied, no true biofilng1 development was
observed, but most of the results showed counts in excess of 10 '/cm?

Microbial levels on processed can lines was also monitored (Table 3). The
food process lines examined were arbitz{arily designated lines 1 to 4. Along these
lines microbial counts in excess of 10'/cm? development on the stainless steel
plates during relatively short periods of operation, but no true biofilms were
observed. Low microbial levels along these areas are critical as wet process can
lines have been identified as one of the major causes of leaker spoilage of canned
foods (Thorpe and Everton 1968, Put et al. 1980).

TABLE 4. Microbial levels on a navy bean blancher extractor

Time (hours) % Coverage of  Count/Swab

Plate (25cm?)
Occasion 1 24 26.51 1.96 x 108
Occasion 2 24 2379 320 x107
24 20.19
48 66.34
72 85.24

The stainless steel plate attached to the waste process can area, an automatic
device which diverts unsuitable cans to a waste bin, showed multilayered biofilm
development after 24 hours exposure. The plate in this area was continually
subjected to water trickling from the post process can line above it. This
moisture level, combined with the possible leakage of nutrients from damaged
cans could contribute to the development of biofilms in this area. Although not
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in direct contact with food or processed cans, biofilms in this area would
potentially be a source of microbial spread through the factory by personnel, air
movement or cleaning systems.

The build up of biofilms in a blancher extractor at a point a few meters
from its exhaust was also examined on two separate occasions at one of the
factory sites. Table 4 shows how rapidly multilayered biofilms developed in this
environment. Biofilms associated with air extraction units are of concern in food
production environments as spoilage and/or pathogenic microorganisms in
aerosols may gain ingress to the factory via close by or down wind factory air
intakes. The moist and warm atmosphere of the extractor provides ideal growth
conditions for many organisms including Legionella spp which can survive in
biofilms and aerosols (Lee and West 1991). If the extractor harboured
L.pneumophilia, its exhausts to the environment could represent a potential
health hazard.

Our results show that the microbial levels in surfaces can accumulate
relatively rapidly in a variety of locations in food processing environments.
However, at this early stage, no final conclusions on factors influencing their
proliferation will be established until the survey of food processing sites has
been completed in 1994. Given the increasing concern over food hygiene issues, it
is hoped that other workers will also actively pursue studies in the food
processing field.
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1. Introduction

Adhesion of microorganisms to solid surfaces is one of the prime steps in the formation of
biofilms.

As regards the size of a great number of microorganisms, namely bacteria, they are quite
often considered as colloidal particles (Marshall 1976). Consequently, microbial adhesion
has been described in the literature in terms of DLVO theory, developed independently by
Derjaguin and Landau (1941) and Verwey and Overbeek (1948) to explain the stability of
lyophobic colloids.

According to this theory, the net force of interaction arises from the balance between van
der Waals forces of attraction and electrostatic double-layer forces, those having commonly
a repulsive effect.

However, apart from DLVO forces other types of interactions can play an important role
in the adhesion process, specially hydrophobic interactions in aqueous medium and the
steric hindrances in the presence of polymers.

Moreover it has to be kept in mind that those "living colloids" are capable of excreting
polymeric metabolites which along with external appendages can have a strong influence in
the final process of adhesion.

It is relevant to note that prior to adhesion the microorganisms have to be transported to
the surface of deposition. Transport mechanisms can be very different, because adhesion
takes place either in quiescent waters or in turbulent flow conditions (Characklis 1981a;
1981b) The transport flux of microorganisms to the surface of deposition must be directly
proportional to their bulk concentration in accordance with mass transfer theories.
Therefore, in very dilute suspensions transport can be the controlling step in the overall
process of deposition. .

In flow systems, the effect of hydrodynamic forces has also to be stressed, because their
removal action can limit the extent of biofilm growth.

Some of the aspects mentioned so far will be outlined in more detail in the following
survey.

2. Colloid Chemistry and Adhesion

2.1. VAN DER WAALS INTERACTIONS

The existencc of attraction forces between molecules was proposed by van der Waals
(1873) as a result of his studies on the deviations from the ideal-gas law. About 60 years
later, with the emergence of quantum mechanics, London (1930) quantified this statement
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and Hamaker (1937) based on the pairwise principle, extended London'’s theory to the
interaction between solid bodies.

van der Waals interactions are dependent on the geometry and on the nature (physical
and chemical properties) of the interacting bodies. This last feature is included in a
constant, A, named after Hamaker.

In the case of bacterial adhesion the interacting geometries are often assumed to be of the
sphere/plate type and the expression for the van der Waals force (Fy) is:

AR
Fw=6—dz 1

where R is the radius of the spherical particle and d is the separation distance.
Those interactions are more commonly treated in terms of energy (V) rather than force,
but as F = dV/dd the energy is given by:

AR
vy =- 2R @

Expressions for other geometries can be found in the literature (Hiemenz; Vold 1954).
2.1.1. Hamaker Constants. The Hamaker constant can be calculated from the molecular
properties of the materials involved. For the interaction of two different materials 1 and 2 in

vacuum the corresponding Hamaker constant can be obtained in good approximation
through:

Ap =V A11.Ag (3)

If those materials are immersed in a medium 3, the interaction constant may be given by:

A2 =(VAp-VAsz3) . (WAp - VAg3) @

Several approaches have been used to calculate the Ajj constants, most of them based on
the Hamaker’s assumption of molecular additivity, which is not strictly valid for condensed
media interactions. Visser (1972) has an excellent review on Hamaker constants.

Lifshitz and collaborators (Dzyaloshinskii 1961), avoided the additivity principle and
were able to calculate the van der Waals interactions between macroscopic bodies using the
characteristic electromagnetic spectrum absorption frequencies. The resulting equation is
complex and some simplifications have been tried. Israelachvili (1974) assumed that the
major contribution for the dispersion interaction arises from electronic excitation in the
ultraviolet frequency range and he obtained the following equation:

3 (- 1?
162 (nﬁ + LS

Aji= h ogy )

ng is the refractive index in the visible range, h is Planck’s constant and @yy is the
characteristic absorption frequency in the UV region.

However, there are still difficulties in obtaining the absorption spectra in the far
ultraviolet for a great number of substances.To circumvent this problem, Van Oss and co-
workers (1988) decided to calculate Hamaker constants for a series of liquids for which the

values of Lifshitz-van der Waals component of the surface tension (YLW) (see 2.5) were
known and for which the necessary spectroscopic data were available as well. Assuming
that the equilibrium separation (d) between the interacting bodies is determined by the
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balance between the Born repulsion and the van der Waals attraction they obtained the
following expression:

N LW 2
Aji=v] .32mdj (6)

The average value found for d is 0.136 nm, with a standard deviation of 0.007 nm (van

Oss et al.1988).
An interesting feature of the Hamaker constants is the possibility of obtaining negative
values for A13,. This happens when

A<A33<Ag;  or A11>A33>A0)

Consequently, the interaction between the two different materials is weaker than the
interaction between each of them and the medium in which they are immersed. So, if the
above conditions are fulfilled a spontaneous separation is likely to occur on account of the
dispersion forces only (Visser 1975).

2.2. DOUBLE-LAYER FORCES

2.2.1. Electrostatic Double-Layer. The majority of solid bodies acquire electrical surface
charge when immersed in aqueous media. Different mechanisms can be responsible for this
charge acquisition (Hunter 1988), but in the case of biological systems this is generally due
to ion adsorption or ionization of surface groups, phenomena that are very often dependent
on the pH of the medium. At normal conditions of pH, bacteria possess a net negative
surface charge. However, a charge reversal may occur at low pH values on account of the
presence of some charged basic (amino) groups (Plummer and James 1961).

A charged surface immersed in an aqueous medium will promote a redistribution of
ions. The ions of the same sign (co-ions) will be repeled from the surface while the
oppositely charged ions (counter-ions) will be attracted. This effect along with the
Brownian motion gives rise to a Poisson-Boltzmann distribution of the ions through out
the aqueous phase creating a diffuse layer which, together with the solid surface, is called
the electrical double-layer (Figure 1).
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Figure 1. - Electrostatic double-layer around a flat surface and a spherical particle.
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The electrostatic potential decreases from the charged surface through the diffuse layer,
attaining a null value in the bulk.

When two charged bodies approximate, the interpenetration of their double-layers
promotes the repulsion between them. This repulsive effect is the most common, because,
as already mentioned for bacteria, the majority of solid bodies also acquire a net negative
charge when in aqueous environments.

2.2.2. Double-Layer Interactions. The potential energy arising from the interpenetration of
electrical double-layers depends on the geometry of the interacting bodies and on the
electrical behaviour during the interaction. Generally, the interactions are considered to
occur at constant surface potential or at constant surface charge and the most commonly
used equations, for the sphere/plate type geometry, are the equation of Hogg Healy and
Fuerstenau (1966) (eq.(7)) and the equation of Wiese and Healy (1970) (eq.(8)),
respectively.

V]‘:LIL =€MR {(Yo1 + \1102)2 In[1+exp(-kd)] + (Yo - \|/02)2 In[1-exp(-kd)]}  (7)
sp/pl

DI =-ENR {(Yo1 + \Lloz)z In[1-exp(-xd)] + (W1 - \]/02)2 In[1+exp(-kd)]} (8)
-sp/pl

V\]’)’L and VgL are the potential energies of interaction at constant surface potential and at

constant surface charge, respectively. W,1 and Y,y are the surface potentials of the flat
surface and of the spherical particle at infinite separation. € is the electrical permittivity of

the medium, R is the sphere radius and « is the reciprocal double-layer thickness or Debye-
-Huckel parameter, given by:

1 2N
2= 1000e* Ny o

2
c M
€EKgT 171 ®

Where e is the electron charge, N is the Avogadro’s number, Ky is the Boltzmann
constant, T is the absolute temperature, z; is the counter-ion valence and Mj is the counter-
-ion molarity.

The HHF and HW equations are based on the linearization of Poisson and Boltzmann
equations and are only valid for surface potentials <25 mV, although they can be used
without significant errors for potentials until 60 mV (Rajagopalan and Kim 1981).

The condition of constant surface potential may only be fulfilled if the surface charge is
created by the adsorption of "potential determining ions", while the situation of constant
surface charge arises when the charge is originated by isomorphic substitutions inside the
lattice (Rajagopalan and Kim 1981).

The intermediate situations, where neither the charge nor the potential are kept constant,
occur when the surfaces acquire electrical charge due to the ionization or dissociation of
surface groups (Rajagopalan and Kim 1981), which seems to be the most common case for
biological systems.

In such situations, Gregory (1975) considers that the best approximation is given by the
equation of Bell Levine and McCartney. Kar et al. (1973) derived an expression for the
interaction between a surface at constant charge and a surface at constant potential.
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Frens and Overbeek (1972) assume that the condition of constant potential is impossible
during an interaction, only the charge can be kept constant. A similar consideration is also
given by Weaver and Feke (1985).

Lyklema (1980), introducing the concept of double-layer relaxation, assumed that both
situations of constant potential and constant charge are extreme cases. The real situation is
determined by the relaxation rate of the different double-layer regions (e.g. diffuse layer
and/or Stern layer).

Although there is such a controversy, most of the authors utilize the HHF equation on
account of its simplicity.

An important point to be noted is that it is still impossible to determine the exact values
of the surface potentials. Those values are replaced in the equations by the corresponding
zeta potential values (Hunter 1988).

2.3. DLVO THEORY

According to this theory, the total potential energy of interaction (V) is obtained summing
up the energy due to van der Waals interactions (Vyy) and the energy arising from double-
-layer interactions (Vpp):

VT=VW+VDL (10)

Conventionally, the repulsive interactions are positive and the attractive interactions are
affected by a minus sign. This makes possible to speak about the "depth" of the minima of
energy and the "height" of the energy barrier. Therefore, in the most common case, where
only the van der Waals forces are attractive a possible profile for the total potential energy
of interaction is given in Figure 2.

Energy barrier
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Potential Energy of Interaction (VT)

Primary minimum

Figure 2. - Total potential energy profile according to DLVO theory.

The interacting bodies will attain the maximum stability in the primary minimum of
energy.

The possibility of existing two energy minima enables to explain adhesion in terms of
reversibility and irreversibility. In a situation of reversible adhesion the stabilazation occurs
in the secondary minimum of energy. In these circumstances the microorganisms are still
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capable of Brownian motion and can be removed by washing. In irreversible adhesion the
primary minimum is attained, all Brownian motion ceases and a simple washing procedure
is not enough for the removal of the deposited materials.

As can be seen from the equations concerning the energies of interaction the energy
profile is influenced by several parameters. The effect of the different parameters on the
energy profile was shown by Ruckenstein and Kalthod (1981). The most common
example shown is the effect of the ionic strength. An increase in the jonic strength lowers
the energy barrier favouring adhesion.

2.4. OTHER FORCES

There is now experimental evidence of other types of forces acting at short or intermediate
distances, being attractive or repulsive, which can play an important role in the process of
adhesion.

2.4.1. Hydrophobic Interactions. Hydrophobic interaction is generally so called when
being attractive, while its repulsive counterpart is commonly referred to as "hydration
pressure”. These interactions are of polar nature and can have a magnitude up to two
decimal orders higher than the components of DL.VO theory (van Oss et al. 1988). Van Oss
and collaborators (1987) considered that those forces are based on electron donor-electron
acceptor (Lewis acid-base) interactions (section 2.1) between polar species in polar media
(e.g. water) and are responsible for almost all the anomalies found in the interpretation of
interfacial interactions in polar media.

Based on the works of several investigators van Oss et al. (1988) proposed an equation
for the calculation of the free energy (AFAB) associated with this type of forces, for the
parallel flat plate conformation. Using the approach of Derjaguin (Hogg et al. 1966) it is
possible to obtain the equation for the sphere/plate type geometry:

AFISS‘;;/pI =2TR A AFAB(do) exp (do-d)/A -

Where A is the correlation lenght pertaining to water molecules, do is the equilibrium
distance and d is the distance. This equation is valid for d>A. For pure water the value of A
is around 0.2 nm, but at higher ionic strengths is related to the dimensions of the hydrated
ions, having values up to 1.2 nm (van Oss et al.1988). AFAB (do) is the free energy at

the distance of equilibrium and can be calculated through the electron acceptor (y*) and

electron donor (y") parameters of the polar components (YAB) of the surface tension of the
interacting bodies (van Oss et al. 1987).

The polar component of the free energy of interaction between materials 1 and 2
immersed in a medium 3 is expressed by (van Oss et al.1987):

w02 [V iR VB G e
-—\/YJ{-Y'Z-—\/Y'I-YE] (12)

AFAB. a5 expressed by equation (11), has the dimensions of energy (joule) and so it is
suggested that it can be introduced , as a third term, in equation (10). This means that the
DLVO theory is extended, in order to contemplate the hydrophobic interactions.

2.4.2. Steric Forces. This type of forces is considered to arise between polymer coated
surfaces. The potential energy of interaction between two uncharged polymer coated
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surfaces is complex, but essentially comprises contributions from three additive terms (Vrij
1976 ; Napper 1977 ; Scheutjens 1982):
i- a mixing term related to the polymer segment concentration in the interacting
zone;
ii - an elastic term related to the loss of configurational entropy of the polymer
chain;
iii. - an adsorption or bridging term, being important at low coverages.

The situation becomes even more complex when the surface layers are charged or are
polyelectrolytes.

It is expected that those forces may be relevant in biological systems, where the
existence of macromolecules (e.g. glycoproteins, polysaccharides, lipopolysaccharides,
etc.) are quite common. The adsorption of these macromolecules, which may be neutral
polymers or polyelectrolytes, can occur before any appreciable microbial adhesion takes
place, giving rise to the so called surface conditionning. However, in the present state of
the art it does not seem possible to quantify steric forces, on account of their complexity.

2.5. SURFACE FREE ENERGY APPROACH

According to Absolom et al.(1983), bacterial adhesion is possible if the process causes the
free energy to decrease:

AFad < 0 (13)

The change in the free energy of adhesion (AFad), when electrical charge interactions are
neglected, can be determined by:

AFad =y - yg] - Y] (14)

with Ysb - interfacial tension substratum-liquid phase
7Ys] - interfacial tension substratum-liquid phase
Vb1 - interfacial tension bacteria-liquid phase

There are different approaches for the calculation of the interfacial tension values, because
there are distinct insights on the nature of the surface tension. However, all those
approaches are based on Young's equation (Fowkes 1967), that correlates the contact angle

(), formed by a liquid drop on a solid surface with the interfacial free energies of the three
contacting phases:

cos6 Yy = Ysv - ¥sl (15)
Where I stands for liquid, v for vapour and s for solid.
Neumann et al. (1974) assume a single component surface tension and derived an
"equation of state” for the calculation of ygy and ¥g].

Busscher (1984) considering the existence of a polar (yP) and a dispersion (yd)
component of the surface tension, proposed the following equation for the calculation of

the surface tension of the solid susbstratum (yg = yg + ycsl).
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cosd =1+ 2 (1) 7+ 2 ()2 T (16)

Tee is the "spreading pressure”, defined as the difference between the free energy of the
solid in the air (yg) and the free energy in the presence of vapour molecules (Ygy) of the

liquid used in contact angle measurements (Te =Yg - Ysyv)- Having determined ‘yg, yIS) and

Tee, by means of a least square fitting of the data obtained using a defined series of liquids,
it is possible to calculate Yg] (or generally Yij) through:

d
B =r+y-2 ()22 (RAR) a7

More recently, van Oss et al. (1987) considered that the surface tension (y) of a given
substance comprises a component arising from the Lifshitz-van der Waals interactions

(YLW) (of the London + Keesom + Debye varieties) and a component due to polar

interactions (YAB) of the type electron acceptor-electron donor, similar to Lewis acid-base
(AB) interactions, which include the special case of hydrogen donor-hydrogen acceptor
interactions.

The surface tension can then be expressed by:

y=1W +yAB (18)

with YAB =20 vty 19)

Where Yt and 1y~ are the electron acceptor and the electron donor parameters, respectively.

YW, vt and y can be determined by contact angle measurements (van Oss et al. 1988).
In certain circumstances, the thermodynamic approach has been used with some success
to explain bacterial adhesion (Bellon-Fontaine et al. 1990).

2.5.1. Substratum Wettability. One of the liquids that is commonly used in contact angle
measurements is water. The data obtained with water reflect a special feature of solid
surfaces, that is named wettability. The degree of wettability of a surface is variable, it can
be low or high and, in accordance, surfaces can be divided into hydrophobic or
hydrophilic.

Baier (1973), based on experience with some biological systems, predicted that minimal
bacterial adhesion in aquatic habitats should occur on substrata within a critical surface
tension range of 20 to 30 mN/m. Those values pertain to low energy (or hydrophobic)
surfaces and so, maximal adhesion should be expected on high energy (hydrophilic)
substrata. However, Fletcher and co-workers (1979 and 1984) observed a different trend
in some situations and in others they could not find any generic pattern of attachment
according to surface wettability. They have expressed the substrata hydrophobicity in terms
of work of adhesion (W ), obtained via the Young-Dupre equation:

Wa =My (1 + cosBg) + Te (20)

Where O is the equilibrium contact angle for water. For adhesion to occur between
hydrated species water must be displaced as the two surfaces move closer. W represents
the work that is necessary to displace the water molecules.
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With such conflicting results the concept of wettability, alone, does not seem to be a
good approach to predict bacterial adhesion.

It must be stressed that although the surface energy and the colloid-chemical approaches
are often considered as separate entities, there are strong connections between them, as was
shown by Pethica (1980).

3. Adhesion in Flowing Systems

Most of the studies on biofilm formation deal with systems exposed to little or no fluid
motion. However, there are situations, like in industrial processes where there is
significant fluid flow.

The fluid velocity seems to have two opposite effects on biofilm formation. An increase
in fluid velocity increases the shear stress exerted on the deposited microorganisms which
can promote their detachment. On the other hand, it makes possible an increase in the mass
transfer rate of nutrients to the surface, which may be responsible for a higher biofilm
growth. It has been reported that biofilms formed under higher velocity conditions may
adhere more firmly to surfaces than the ones developed at lower velocities (How et al.
1982; Dudddrige et al.1982; Vieira et al.(a)), problably this is due to a stronger choesion
promoted by the higher shear stresses and to a higher production of extracellular polymers
(in a more adverse environment) making the deposit more "stickier".

Some authors assume that the removal effects of hydrodynamic forces on deposited
materials can only be explained if a short range repulsive force is considered in conjunction
with DLVO theory, in order to make possible a finite primary minimum in the energy
profile (Figure 3) (Ruckenstein and Kalthod 1981; Ruckenstein 1978; Kallay et al. 1986).
Otherwise, only a force of infinite magnitude could promote the re-entrainment of
deposited particles. A similar reasoning was suggested by Hamaker (1937), when studying
the repeptization (defloculation) of colloidal particles.

energy barrier

\/‘distance (d)

secondary minimum

Potential Energy of Interaction (\Ll.)

primary minimum

Figure 3. - Total potential energy profile considering the effect of Born repulsion.
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The short range force considered so far, is the Born repulsion. For the sphere/plate
conformation, when R>>d, it can be expressed by:

Add R
VBRp/pl =163 a7 @
However, Frens and Overbeek (1972) consider that it is not possible for the superficial
atomic orbitals of two coagulated particles to interpenetrate to give rise to a Born
repulsion. Although they have considered that it is higly improbable that a Brownian

collision could bring two particles closer than twice the distance between the particle
surface and the outer Helmhotz plane of the electrical double-layer.

4. Microbiological Aspects

Beyond all the forces mentioned above, that can be involved in the adhesion process, an
additional difficulty arises in studying microbial adhesion, because living systems are being
concerned. This condition of living organisms is expressed by the abbility to reproduce,
grow and produce extracellular polymers and external appendages and, in some cases, to
move independently.

4.1. EXTERNAL APPENDAGES

The external appendages are present in a great number of bacteria and are commonly
divided into three different types:

. flagella - very fine threads with an helical structure protuding from the cytoplasm
through the cell wall, responsible for bacteria motility;

. pili or fimbriae - very fine threads, shorter than flagella. One cell may have several of
this structures appearing like tufts;

. stalks and prostechae - filiform or blunt extensions of the cell wall and membrane that
can occur in one or more sites on the cell surface, respectively.

The latter two types of appendages are not involved in motility and are commonly
considered as specialised attachment structures (Kent and Duddridge 1981; Paerl 1975;
Handley et al.1991). In many prostechae and specially in stalks there is a disc in the end,
called the "hold-fast", which has been referred to in the literature as the preferential
attachment structure of diatoms (Characklis and Cooksey 1983).

The attachment through these fillamentous structures can be interpreted as a means to
favour adhesion, because it reduces the effective radius of interaction and concomitantly
lowers the energy barrier, as predicted by DLVO theory. However, it must be noted that,
although present, they are not always involved in the adhesion process (Characklis and
Cooksey 1983).

4.2. EXTRACELLULAR POLYMERS

The second major means of microbial attachment is thought to be the extracellular
polymers. Extending lengths of polymers attached to cell surfaces can interact with vacant
bonding sites on the surface - polymer bridging - and as a result the cell is hold near the
surface. Possible mechanisms for polymer bridging have been suggested (Characklis and
Cooksey 1983; Kent and Duddrige 1982) but they are not yet fully understood.
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4.3. ION BONDING

Inorganic ions may also affect microbial attachment to surfaces. In the case of Ca2+ and
Mg2+, claims have been made that they are fundamental for an efficient adhesion of aquatic
bacteria (Marshall and Stout 1971; Fletcher and Floodgate 1973). Different mechanisms
have been proposed for the role of divalent cations in the process of bacterial adhesion,
namely the formation of a cation bridge between the negatively charged bacteria and the
substratum (Fletcher and Floodgate 1973) and the precipitation of polymer, mediated by
the cation, between the cell and the substratum (Rutter 1980). More recently, Van Oss et al.
(1987) proposed that Ca2+ can depress the monopolar electron-donor parameter of the
surface tension of the interacting species, depressing their capacity for mutual repulsion
and their degree of hydration, resulting in a decrease of the hydration pressure.

The effect of other cations is complex, because some favour adhesion and others do not
(Duddrige et al. 1981; Daniels 1972), possibly by affecting the adhesive properties of the
extracellular polymers. However, these results cannot be interpreted straighforward, since
the ions may affect cell metabolism and viability (Vieira et al.(b)).

5. Conclusions

The explanation of microbial adhesion have been tried in terms of colloid chemistry
theories, specially DLVO theory, which only takes into account long range forces.
However, there is now the possibility of quantifying other types of forces, namely
hydrophobic interactions, and they must be associated to DLVO forces in order to have a
better defined energy profile. Nevertheless, even doing this, it is not possible to have a
fully characterised picture of the adhesion process of microorganisms They have to be
regarded as "living colloids" with their adaptable and varied nature, being capable of very
special types of interactions. Therefore, much more has to be known!

Nomenclature

AFad . change of free energy of adhesion (J/m?2)
Kg - Boltzmann constant (J/K)

e - electrical charge of electron (C)
AF?;EDI- change of free energy associated to hydrophobic interactions between a sphere
and a flat plate (J)
AF’;% - polar component (acid-base) of the surface free energy between bodies 1 and 2 in
medium 3 (J/m2)

AFad - change of free energy of adhesion (J/m?2)
Kg - Boltzmann constant (J/K)

M; - counter-ion molarity (mol/dm3)

Nap - Avogadro's number

n, - refractive index in the visible range

R - radius of particle (m)

T - absolute temperature (K)

Ver - potential energy associated with Born repulsion (J)

Vr - total potential energy of interaction (J)

Vw - potential energy associated to van der Waals interactions (J)

VpL - potential energy due to double-layer forces (J)



V;‘)’L - potential energy due to double-layer forces at constant surface potential (J)
VgL - potential energy due to double-layer forces at constant surface charge (J)

W, - work of adhesion (J/m2)
; - valence of ion i

z
€ - electrical permittivity (F/m)

Y - interfacial free energy between bodies i an j (J/m2)

Y1 - interfacial free energy between bacteria and a liquid phase (/m2)
- interfacial free energy between a solid surface and bacteria (J/m?2)

= 2
- o
]

interfacial free energy between a solid surface and a liquid phase (J/m?2)
- polar component of the surface tension (J/m2)

- dispersion component of the surface tension (J/m2)

- acid-base component of the surface tension (J/m2)

Lifshitz-van der Waals component of the surface tension (J/m?2)

- electron acceptor parameter of the YAB surface tension component
- electron donor parameter of the YAB surface tension component

- Planck's constant (J.s)

- correlation length of water molecules (m)

VYoi - electrical potential of surface i (V)

wyy - characteristic absorption frequency in the UV range ( rad/s)

" TR LR

Te - spreading pressure (J/m?2)
© - - contact angle (degree)
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THE ROLE OF ADSORBED LAYERS IN BACTERIAL ADHESION.

A.H.L.CHAMBERLAIN

School of Biological Sciences
University of Surrey

Guildford GU2 5XH, United Kingdom

1. Introduction

There is now an enormous litcrature to support the concept that bacteria in aqueous
environments are predominantly associated with surfaces (Costerton et al.,1987; Characklis and
Marshall, 1990). The development of a biolilm is perceived as a multi-stage process, of which
the initial step is adsorption of material to the newly immersed surface. The nature of the
adsorbate(s) depend upon the surface itself but in virtually every system investigated the
establishment of an adsorbed layer can be demonstrated. The rate at which this occurs is in part
controlled by the bulk concentration of the adsorbates, their relative affinities for the surface and
the hydrodynamic environment.

This adsorbed film has frequently been termed a "conditioning" layer and there has been some
discussion as to whether or not it is a pre-requisite for subsequent bacterial attachment. The
problem is rather difficult to resolve as it is unlikely that any surface is adsorbate-free before
organism attachment occurs, as adsorption begins immediately on immersion. Indeed if the air-
walter interface is passed through slowly, then the new substratum may pick up a Langmuir-
Blodgett type film instantancously, depending upon its wettability, i.e. if hydrophobic it will
gain a layer on the down trip, if hydrophilic on the up (Loeb, 1965). The formation and nature
of the adsorbed layer has been investigated in many different subject areas and the development
of an integrated model may now be attempted, drawing upon experience from the medical, food,
environmental and "pure" surface chemistry disciplines.

2. The Nature of the Adsorbed Layer.

This depends very much upon the environment to which the surface is exposed, but the major
components are likely to be organic. Arrival at the surface from the bulk solvent will be
mediated by mass transfcr (advection) or molecular diffusion; which of these processes is most
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important depends upon the degree of turbulence. The onset of adsorbed layer formation is
extremely rapid compared with the arrival of bacteria (Table 1).

TABLE [.Elemental composition of surface organics on stainless steel after immersion

in the sea.
Duration of Relative atomic percentage
immersion
(min) C 0 N Cr Fe
0 48.18 44.01 0.78 2.35 4.48
10 49.78 43.17 0.89 1.84 3.94
30 53.97 34.10 1.02 1.13 2.62
60 51.05 36.09 0.79 2.03 3.31
120 49.71 36.16 1.66 2.03 3.44
240 61.82 28.16 3.12 0.72 1.20
340 58.13 26.67 2.35 0.59 0.82

Modilied from :-
Barrett, S.J. (1989). Ph.D. thesis, University of Surrey

The adsorbed layers comprise organic molecules, particularly macromolecules, but they may
also include metallic hydroxides or hydrated oxides and very fine clay mineral particles (Fig.1).

Figure 1. Adsorbed organic layer with mineral particles (arrow) below an adherent brown algal
filament with a thick polysaccharide wall.
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Macromolecules bind strongly to many surfaces as they frequently bear multiple attachment
points, either functional groups or segments of more hydrophobic nature. Based purely on size,
low molecular weight organics may frequently diffuse more rapidly to the surface and adsorb,
but they are subsequently displaced by the multipoint contacting macromolecules. Once
attached, these molecules are very unlikely to be easily displaced, and as indicated by Robb
(1984) they are attached virtually irreversibly. Certainly, adsorption isotherms of marine organic
matter adsorbed to a model substratum showed no losses on transfer to organic-free seawater
(Edwards, 1983).

In many medical and food processing systems, these adsorbant macromolecules are protein
or glycoprotein in nature eg. the binding of casein and other milk proteins to stainless steel, or
blood proteins to prostheses such as Hickman lines. In freshwater and terrestrial environments,
the adsorbing species include rather more heterogeneous materials such as humic compounds
and complex polysaccharides. Freshwater humic materials are primarily derived from lignin
degradation products and contain large amounts of carboxylic and phenolic residues which make
them very reactive. They bind metals avidly and also interact very strongly with many clay
minerals, both in soils and [reshwaler systems. Marine humic compounds are rather different
in nature and comprise complex condensation molecules with polysaccharide, peptide and lipid
moeities and are primarily aliphatic (Chamberlain and van Woerkom, 1986).
Terrestrial/freshwater humic compounds are usually strongly aromatic, as lignin comprises a
mixture of phenylpropane derivatives.

Examination of the encrgy dispersive X-ray spectrum of marine organics concentrated by
ultrafiltration and freeze dried, showed that they contained considerable levels of bound iron and
copper. Samples produced by chloroform: water partitioning also contained quantities of very
fine clay mincral particles, which showed a range of types including both expanding lattice
forms and kaolinite. These minerals, particularly of such tiny dimensions, frequently only 0.1
um or less, constitute an enormous surface area for organic matter and cation interactions, and
play a distinct role in overcoming the effects of pre-adsorbed organic layers. These minerals are
found in the earliest phases of adsorbed layer formation and are also often associated with
bacterial surfaces in natural soil and water environments.

3. Demonstration of adsorbed layers

Kristoffersen et al. (1982) using ellipsometric and surface potential measurements showed an
instantanecous change in these two parameters when metals were immersed in seawater. The
surface potentials stabilised after 30 minutes but ellipsometric measurements did not, and
thickness continued to increase.

A comparison between the data of Kristoffersen et al. (1982) and the earlier work of Neihof
and Loeb (1974, 1976) shows that within a few minutes the organic layer has achieved its
typical values for wettability and surface charge, although further material continues to adsorb,
yielding thicker films up to 0.08 um in 10h (Neihof and Loeb, 1976).

Barrett (1989), using X-ray photoelectron spectroscopy, showed that stainless steel pretreated
for 90 hours with 0.5mg C 1" of ultrafiltration extracted seawater organics, acquired an organic
film.It took two days of immersion in the sea to achieve the comparable C, O, N ratios and the
examination of the mean number of bacteria per mm? of surface using epifluorescence showed
that no bacteria had attached after 10 minutes, 16.7 +/- 5.7 at 30 minutes and 107.5 +/- 10.3
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after 1 hour.

Data derived from Edwards (1983) also shows very rapid adsorption of marine organics onto
a prepared silver iodide substratum with 87.5 ug glucose equivalents g after 3 hours, which
increased 10 93.0 after 18 hours and finally reached equilibrium at 113.5 after 90 hours.

All of these results suggest that the bulk of adsorbed film is present after 3 hours immersion
in seawater. Recently, Comelius ct al. (1992) using a "real-time" adsorption system was able
to show that the rate of adsorption of protein was controlled by the rate of supply and that the
125 I_fibrinogen was largely adsorbed within 40 minutes, reaching equilibrium at 2 hours.
However, the loading levels were much higher than the seawater example.

Inevitably, this arrival at an equilibrium value gives some indication of a point of surface
saturation - for that system. The data given in Table 2 drawn from Barrett (1989) show that
after approximately 5 1/2 hours chromium and iron signals from a stainless steel surface are
attenuated by over 80% and 75% respectively. This means that coverage is unlikely to be
complete.

TABLE 2. Relative atomic percentages of C, O and N on clean and pretreated stainless
steel alter immersion in the sca.

Treatment [mmersion Relative Atomic Percentage

(Days) ]
Carbon Oxygen  Nitrogen

Clean 0 53.17 45.94 0.89
| 62.80 28.60 8.60
2 64.52 24.23 11.25
3 65.67 23.85 10.47

Pictreated 0 65.17 25.10 10.64
1 64.17 25.17 10.46
2 63.54 24.90 11.56
3 66.17 22.98 10.86

"Clean™ immersed in sterile, Organex-Milli Q water, OmgCarbonI”, and
"Pretreated” in sterile sea water containing 0.5mg Carbonl™.
Barrett, S.J.(1989) Ph.D. thesis, University of Surrey.

Locb (1965) compared the refractive indices of a transferred protein film from a Langmuir-
Blodgett device with an adsorbed film of the same material, 1.5-1.6 versus 1.2-1.4 respectively,
and postulated the presence ol water-filled interstices between the adsorbed globular proteins.
Schrader (1982) suggested that on certain types of surtace dissolved organics from seawater
bound as "islands" with spaces between, and that bacteria then attached to these islands. On
the contrary, it may be that bacteria attach in the spaces, leaving adhesion to be determined by
the "original" substratum properties. This could account for the phenomenon of attachment
correlating with properties of the original surface (eg. O’Neill and Wilcox, 1971; Dempsey,
1981; Berk ct al., 1982). The alternative argument is that bacteria do bind to the organics, but
that the chemistry of the substratum imposes itself upon the adsorbing organics, altering their
oricntation or functional group arrangement.
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4. Effects of the adsorbed layer on bacterial adhesion.
The roles of adsorbed layers in microbial adhesion fall into several categories:

Modifying physico-chemical properties of the substratum.

Action as a concentrated nutrient source.

Suppression of release of toxic metal ions.

Adsorption and detoxilication of dissolved inhibitory substances.

Supply of required metal trace clements.

Action as a triggerable sloughing mechanism.

Suppression of inhibitory surface polymer effects.
4.1.SURFACE PROPERTIES

The key surface physico-chemical propertics which may undergo alteration are surface charge
and wettability.

4.1.1 Surface charge. This is usually mcasured as microclectrophoretic mobility and data drawn
from Chamberlain and Johal (1988) and Johal (1988)(Table 3) shows clearly the effect of
adsorption of organic components from meat juices onto stainless steel, polyethylene and
polypropylene. The tendency is to reduce the strongly negative charge of the mixed oxides on
the alloy, whilst the effect on the plastics is more variable but results in imparting a charge to
the plastics surlaces .

TABLE 3. Microclectrophoretic mobilities of clean and meat liquor treated processing

surfaces.
Treatment Stainless steel Polypropylene Polyethylene
liquor
Clean -4.17£0.03 -1.12£0.08 -0.78+0.09
Bacon -1.9620.01 -1.61£0.11 -0.39+£0.07
Pork -0.48+0.03 +1.09£0.03 -0.98+0.01
Beef -0.44+0.08 +0.35+£0.04 -0.27£0.01

Modified from Johal (1988). All values x10®%ms'V,

These results are analagous (o those of Neihof and Loeb (1972a), who showed that a range of
materials with widely differing surface charge values all shifted to very similar moderately
negative charges on exposure to natural seawater. The values obtained were similar to those
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determined on natural seawater particulates. The alteration of surface charge could be prevented
by applying a U.V. photooxidation treatment to the seawater before immersion of the surfaces.
In this case, with all the organics destroyed, the substrata retained their original surface charge
values.

In later reports (Loeb and Neihof, 1975, 1977), examination of organic film formation on
platinum surfaces in seawaler showed that the change in microelectrophoretic mobility was
effectively completed within the hour, although ellipsometry indicated film thickening taking
place up to 5 hours and even a very reduced increase up to 20 hours.Similar results have been
obtained also by Hunter (1980) examining natural estuarine particulates.

4.1.2. Wertability. The nature of a surface, whether hydrophilic or hydrophobic, is also effected
by the adsorption ol organic materials. Again the tendency is to draw the contact angle values
on a wide range ol substrates towards a rather narrow bracket of hydrophilic values. This can
have an effect on the numbers ol organisms attaching and its strength as shown by changes in
the shear forces required to remove them.

4.2. NUTRIENT SOURCE.

The carliest work on the role of surfaces in the low nutrient environment by Zobell and
Anderson (1936) concluded that the concentration of organics at the surface was responsible for
the enhanced activity. This has been restated and demonstrated by a number of techniques of
which X-ray pholtoclectron spectroscopy is perhaps the most convincing. Gamner(1987) and
Barrett(1989) were able to demonstrate the progressive accretion of organic material onto a
rangc of substrata and to show by means of a statistical deconvolution program that the nature
of the adsorbates changed with time, becoming more oxidised. This result correlates well with
the observations of Baicr (1973), using I.R. techniques.

4.3 TOXIC SURFACES

Most metals show at lcast a small degree of general corrosion and in a few cases the cations
produced are toxic to microorganisms. This is particularly true of copper which develops a
surface layer of copper I oxide which is quite stable below 60° C. However, small quantities of
toxic-copper II ions may still be relcased and frequently are quickly bound to adjacent organic
matter. It has been shown by Campbell (1954) that surface waters contain an organic component
which is believed to adsorb and prevent corrosion occurring. This effectively protects non-
tolerant organisms.

4.4 DETOXIFICATION

It has been suggested that an adsorptive surface could just as likely remove toxic or inhibitory
metabolic products and render them safe as adsorb nutrients. This could then lead to enhanced
activity at the surface.

4.5 TRACE ELEMENTS

The binding of trace metal ions (o cither organic or inorganic constituents at a surface may
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create a resource for organisms which can acquire them by direct uptake of the complex or
release of the metal via metabolic secretions.

4.6 SLOUGHING

The adsorbed layer is often the linker between the sustratum and the organism or its attachment
molecules. A shift in pH due to acid secretion will tend to enhance binding of marine organics
but if the shift is in the alkaline direction then based on the isotherms of Edwards (1983) it is
possible that release could occur. There are hints that other environmental changes, like sulphide
generation, may also lead to sloughing.

4.7 SURFACE MODIFICATION

Finally, the adsorption of materials from the milieu may moderate the repulsion or steric
interaction propertics of an already established polymer as discussed in the following section.

5. Interactions of adsorbed layers and bacteria

The rcason for the prevention of bacterial adhesion to surfaces carrying a well developed
adsorbed organic layer appecars to be either a steric interaction or a polymer hydration
phenomenon. Normally an organism will tend to adsorb irreversibly to minimise the free
energy of the system. However, charge repulsion or steric exclusion may prevent close
approach, and even when this has been achieved ordered water structure associated very closely
with the surface could still be a barrier. Hydrophilic surfaces may be stabilised by ordering of
surface-associated water moleccules which would be disrupted by the. close. approach of a
bacterial cell. This releases the ordered water molecules into the bulk phase, increasing their
free energy. Now hydrophobic surfaces should attract strongly because water molecules moving
away Irom the surface into the bulk will decrease their free energy as their level of hydrogen
bonding will increase (Rutter and Vincent,1980). Most bacteria are hydrophilic so an approach
to a hydrophilic surface would be thermodynamically unfavourable due to the increasing free
energy of the displaced waler. Altemaltively, the approach of a hydrophilic cell to a
hydrophobic surface would yield a stronger interaction. This probably accounts for the
spontaneous [irm adhesion ol some marine bacteria to polystyrene noted by Fletcher (1980).

Hence the fact that most conditioning layers are hydrophilic will lead to poorer adhesion. This
may be one reason why starving cclls tend to become more hydrophobic (Kjelleberg,1984) as
it would assist in adhesion 10 a surface where nutrients may be anticipated to have concentrated.
However, as stated by Fletcher (this volume), the amount of adsorbed material at a surface is
limited so the "rich harvest" will be rather short-lived.

The approach of an organism to a surface will also be controlled by the positive or negative
interactions between the cell surface polymers and any adsorbed polymers at the substratum
surface. If poymer quantities are low, particularly at the substratum, then there is ample
opportunity for polymer bridging to take place as polymers usually have high adsorption
affinities due to their multisegmental nature. Polymer interactions may be a barrier to
attachment if both surfaces are well covered and the polymer loops well solvated,as this leads
to steric hindrance and scparation. It is at this point that adsorbed components other than
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organic components come into their own. Thus, Chamberlain and van Woerkom, (1986)
showed in laboratory experiments, that at very high surface loadings of organics, bacterial
adhesion could be almost curtailed. When these specimens were subsequently immersed in the
sea, changes to the adsorbed layer led ultimately to colonisation after some two-three weeks
immersion. This loss of steric hindrance appeared to be due to the adsorption of clay mineral
particles, which effectively swamped the polymer film and led to a resumption of normal
colonisation. Thus, although laboratory-based work, often carried out with pure cultures, is
extremely useful in understanding and predicting the behaviour of bacteria and other
microorganisms on surfaces with adsorbed organic layers, it is essential to realise that these
layers will be much more complex in natural or industrial systems. They can also be quickly
occluded by other materials.
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1. Introduction

Biofilms serve beneficial purposes in the natural environment and in some modulated or engineered
biological systems. For example, biofilms are responsible for the removal of dissolved and
particulate contaminants in natural streams and in waste water treatment plants. Biofilms in natural
water, called mats, frequently determine water quality by influencing dissolved oxygen content and
by serving as a sink for toxic and/or hazardous materials. These mats may play a significant role in
the cycling of chemical elements. Biofilm reactors are also used in some common fermentation
processes, eg, the "quick" vinegar process (Characklis and Marshall, 1990).

The initial step in biofilm formation is the attachment of the "first settlers” on the support. The
aim of this contribution is to show how modlﬁcatlon of support surfaces can be used to favour
such attachment.

The attachment of microorganisms to solid surfaces may, in a first analysis, be thought of as an
interaction between two smooth surfaces. It must be kept in mind that surfaces usually carry an
electric charge which is neutralized at a certain distance in the solution, through a diffuse double
layer. Within the latter, the concentration of ions with the same sign as that of the surface charge is
lower compared with their concentration in the bulk solution, and the concentration of ions with
opposite sign is higher.

As two surfaces approach each other, their tendency to associate may be evaluated by the
DLVO theory, which allows the computation of their interaction potential energy. Dispersion
forces (London forces) contribute generally to mutual attraction. The overlap of the diffuse double
layers is responsible for electrostatic interactions at a separation distance of several tens of
nm. For surfaces carrying charge of the same sign, the existence of a potential barrier decreases
the probability that their encounter will give rise to formation of a firm bond. Since microbial cells
are generally negatively charged in their natural medium, a situation of attractive electrostatic
interaction exists only with positively charged carriers. For example, various species were
described to adsorb to ion-exchange resins (Hattori and Hattori, 1985; Wood, 1980; Durand and
Navarro, 1978). Bar et al. (1986), who used several kinds of ion exchangers to adsorb
Acetobacter aceti, tried to show a relation between the amount of biomass adsorbed and the charge
density of the resin.

Surface energy consideration enables to compute the free energy of adhesion between two
surfaces, by regarding the transformation as a replacement of two solid-liquid interfaces by one
solid-solid interface. The free energy of adhesion is negative, and thus adhesion is favoured,
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when the surface energy of both solids is lower than that of the liquid medium; this is the case
when the medium is an aqueous solution and both surfaces are hydrophobic. As interfacial free
energies are computed from contact angles of liquids, their balance does not incorporate the
contribution of electrostatic interactions between the two solid surfaces.

The fact that adhesion of microorganisms to various inert supports is governed by both
electrostatic and hydrophobic interactions has been shown for biotechnologically relevant
microorganisms (Mozes et al., 1987) as well as for soil bacteria (Van Loosdrecht et al., 1987a,
1987b). Electrostatic interactions act at a long distance (range of tens of nm, depending on the
ionic strength) and control the rate at which surfaces can be brought close enough to form a firm
bond. On the other hand, the balance of surface energies considers that, at the final state of the
transformation, the two solids are in molecular contact; in a broader way, hydrophobic interactions
depend on molecular organization and forces at short distances (less than 1 nm). At this stage, it
must be realized that the surface of microorganisms is not smooth at a molecular level. While the
overall interaction between a cell and a surface may be repulsive, cell appendages may bridge
the distance between the cell and the surface due either to their more hydrophobic character, or their
smaller radius, reducing the electric repulsion.

The picture becomes still more complicated if it is realized that the cell surface is neither smooth
nor constituted of a compact solid but is made of macromolecules which keep a certain degree of
mobility. The crucial influence of a capsule was observed in a comparison of different strains of
Acetobacter aceti (Hermesse et al., 1988). Cells having a capsule were able to adhere to various
siliceous or organic supports; cells without a capsule adhered only on supports treated to decrease
the negative character of their surface.

Adsorption processes may change the electrical properties and the hydrophobicity of a
substratum. The adsorption of macromolecules (proteins, polysaccharides) forms a
conditioning film on the surface. The configuration and orientation of molecules within the
conditioning film are influenced by the nature of the underlying substratum; there is evidence that
the properties of the latter are marked through the thickness of the conditioning film (Busscher e
al., 1989; Schakenraad and Busscher, 1989; J-L. Dewez, unpublished). The film of adsorbed
polymers may convert the neat support/medium (solid/liquid) interface into a region of gel-like
nature with which polymers or structures (eg, fibrils) of the cell surface may interact. Zobell and
Allen, already in 1935, described the concentration and adsorption of organic matter from sea
water onto various solid surfaces, and the consequent enhanced attachment and growth of bacteria.
The issue has been intensively investigated since then. A recent example is the study of Beech et
al. (1989) who identified the involvement of specific macromolecules (extracellular
polysaccharides, probably as lipopolysaccharides) in the initial stage of biofilm formation on metal
surfaces.

Surface microroughness may help attachment of cells (Figure 1). This may be due to the
increase of the surface area available for cell-substratum contact. Moreover, cells located inside
pores are sheltered from shear forces; thereby their removal rate is reduced and retention of a
larger amount of cells is assured. Verrier et al. (1987) showed that pores and crevices at the
support surface improved initial adhesion of methanogenic bacteria to various polymers. Asther et
al. (1990) noted that adhesion of Phanerochaete chrysosporium to various solid carriers improved
when the roughness of the latter increased. The use of porous material as carrier for cell
immobilization is rather common. For example, Opara and Mann (1988) used porous bricks and
Navarro and Durand (1977) used porous glass to immobilize yeast; porous glass was also used by
Biicks et al. (1988) and Kreckeler et al. (1991) to immobilize bacteria. Messing and Oppermann
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(1979) investigated the relevance of pore dimension for accumulating biomass; they showed that
the optimum pore diameter of the support should be in the range of 4-5 times the length of the
microorganism.
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Figure 1: Diagrammatic comparison of the size of roughness on stainless steel tubing with the size of a
microbial cell (adapted from Characklis, 1990).

Adequate supports for microbial cell adhesion are not always available. The main reason is that
solid materials carry generally a negative surface charge, thus creating an electrostatic repulsion
with microbial cells, the surface of which is also of a negative nature at neutral pH. The evident
consequence is that the substratum surface properties must be modified in order to promote
cell attachment. Acting on the electrostatic interactions is a more common practice than influencing
hydrophobic interactions. Various treatments have been applied to decrease cell-support
electrostatic repulsion (Rouxhet and Mozes, 1990a). These include coating the support with a
layer of positively charged colloidal particles, adsorbing hydrolysable cations or polycations,
grafting amine groups. For obvious reasons, treatment of the carrier surface is preferable to
treatment of the cell surface.

2. Characterization of Solid Surfaces

The chemical nature of a surface can be analyzed by X-ray photoelectron spectroscopy (XPS).
The physico-chemical properties, surface hydrophobicity and electrical properties, are
studied via analyses of the wettability and the electrokinetic behaviour, respectively.

X-ray photoelectron spectroscopy is an established tool in material sciences. The
technique is based on irradiating a sample by a monochromatic X-ray beam, analyzing the kinetic
energy of the ejected photoelectrons and determining their binding energy in the source atom. Each
peak of the recorded spectrum is characteristic of a given element. The position and the shape of
the peaks are influenced by the chemical bonds and the oxidation state of the analyzed atom. The
method provides thus an elemental analysis with certain information on the chemical functions.
Due to inelastic scattering, the electrons collected under a peak originate from the outermost
molecular layers and the analytical information concerns thus a thin layer (3-5 nm) at the surface
(Rouxhet and Genet, 1991).
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The surface energy of a solid can be estimated from measurements of contact angles of
liquids and thermodynamic considerations. Various theoretical approaches for the computation
have been developed, but none has yet been universally accepted. Quite often the measurement of
contact angle of water alone is practiced, and the result is taken as an evaluation of surface
hydrophobicity. High surface hydrophobicity is associated with low surface energy and vice -
versa.

Various electrokinetic phenomena result from the fact that a surface carries an electric
charge. In these phenomena, which involve the motion of a charged body relative to the
surrounding fluid, the measured potential is not the electric potential at the surface of the solid body
(yo), but the potential at the surface of shear ({ potential). The liquid lying between this plane and
the solid surface is considered to move with the solid.

There are four different electrokinetic phenomena: electrophoresis, when a charged body is
moving through a fluid due to an external electric field; electroosmosis, when a fluid is moving
with respect to a charged body due to an external electric field; streaming potential, which is the
potential generated when a fluid is moving with respect to a charged body due to an external force
such as a pressure difference; sedimentation potential, which is generated when a charged body is
moving through a fluid due to an external force, such as gravity.

Micro-electrophoresis is by far the most common procedure for determining { potential of
solids; its use is limited to suspensions of finely divided colloidal particles. Doren et al. (1989)
have used the microelectrophoresis apparatus of Pen Kem Inc. (Laser Zee model 500) to determine
the { potential of plates. They modified the standard rectangular electrophoretic chamber and fitted
plates of the solid to be analyzed in such a way that they formed the upper and lower walls of the
chamber. The analysis of the mobility profile of a probe colloid through the thickness of the
chamber allowed determination of the electroosmotic mobility of the liquid (10 mM KNOj3
solution), which is directly related to the { potential of the walls. Figure 2 illustrates the use of this
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Figure 2: Variation of the mobility of latex particles as a function of the relative distance with respect to
the center of the chamber; walls made up by polycarbonate plates oxidized (b, d) or not (a, c),
submitted (c, d) or not (a, b) to treatment by ferric nitrate solution (adapted from Changui et al.,
1987).
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technique for investigating the influence of oxidation and deposition of ferric hydroxide on
polycarbonate. Commercial instruments for streaming potential measurements are less common
than those for microelectrophoresis. One measures the potential difference built across a capillary,
a slit or a plug through which a liquid is forced in laminar flow under a given pressure gradient
(Wagenen and Andrade, 1980). Thereby the surface electrical properties of plates, fibers or
particles can be investigated.

3. Coating a Support by Positively Charged Colloidal Particles

The adhesion of positively charged colloidal particles (hematite, Fe2O3; hydrous alumina,
Al(OH)3) is achieved by allowing an aqueous suspension of the particles to settle onto the support,
and then removing the non-adhering particles by washing with a laminar flow of water.

A typical protocol starts with the preparation of the sol (Matijevic and Scheiner, 1978; Kayem
and Rouxhet, 1983). The concentrated stock solution is diluted to a concentration in the range of
109 particles/ml. The pH is adjusted to about 7-8 for alumina or 4-6 for hematite by careful
addition of NaOH. If flocculation occurs, sonication helps to disperse the suspension. The colloid
suspension is poured over the support and left in contact for about 20 h. The support is then
rinsed with a stream of demineralized water. If the treated support is not to be used immediately, it
can be stored wet. Cell suspension (1 to 5 » 108 cell/ml) is brought in contact with the treated
carrier; after about 2 h, non-adhering cells are washed away by a stream of water.

The electrostatic attraction between particles and charged support leads to rapid adhesion of the
first sedimenting particles. However, this tends to reverse the overall charge of the substratum and
late arriving particles are partly repelled by the already adhering ones. Formation of a dense layer
may require long contact times and sedimentation of a large excess of particles (Rouxhet et al.,
1987).

Figure 3 shows the density of adhering hematite and alumina particles as a function of the
amount sedimented (present on the support before washing). The maximum density of one layer
of hematite particles (rounded edged cubic particles with edge length of 0.5um) in square close
packed array would be about 4 » 109 particles/cm2. For the alumina particles (spheres of 0.25um
diameter) in hexagonal close packed array it would be 2 « 109 particles/cm2. The maximum
coverage obtained for both colloids was close to the maximum allowed for a monolayer, but
required sedimentation of two to three times more particles.
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Figure 3: Variation of the density of colloid particles adhering on glass, as a function of the amount of
particles sedimented: left, hematite ; right, alumina.
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The use of colloidal oxides to promote adhesion was first studied in the context of adhesion of
yeast cells. It was shown that the immobilized cells retained their capacity to convert glucose to
ethanol (Mozes and Rouxhet, 1985). The same procedure was also used for achieving
immobilization of bacteria, Xanthomonas campestris (unpublished) and Arthrobacter simplex
(Mozes and Rouxhet, 1984). The latter was immobilized on glass beads treated by AI(OH) 3 in a
reactor which operated during 30 days, performing 10 repeated runs of complete transformation of
cortisol to prednisolone.

The procedure of coating a support by positively charged colloidal particles is generally simple
to perform and the results are rather reproducible. However, the need to prepare the sol, which is
not commercially available, may be considered as a drawback. A low-cost commercial source of
adequate colloids would give this method a promising future.

4. Adsorption of Hydrolysable Ions

Multivalent cations such as Fe3+ and Al3+ react in water and form polynuclear species by
association of several metal ions with oxygen and hydroxide ligands. The concentration of the
salts, the nature of the anion, the pH, the temperature and the age of the solution govern the
formation of the polynuclear ions.

4.1. FERRIC IONS

Dissolution of ferric salts in water generates rapidly mononuclear hydroxy-complexes (1) and,
more slowly, polynuclear species (2).
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Atlow pH (typically, pH below 2.5 for 1 mM Fe3+ solution), adsorption of mononuclear ions
on a silica surface occurs by reaction with SiOH groups and formation of SiO-Fe(OH)+. The
quantity fixed is strongly dependent on the pH: it is low at the isoelectric point (iep) of silica (pH
about 2) and increases as the pH rises. Only a small proportion of the superficial SiOH groups
reacts, the adsorption being limited by the rising surface potential. If no acid is added to the ferric
solution, polynuclear ions are formed which represent a metastable state with respect to the
formation of oxy-hydroxide. The presence of a solid surface accelerates the process and induces
the precipitation of oxy-hydroxide, which then forms a coating on the surface. When a freshly
prepared salt solution is allowed to age in contact with the solid surface a coating is achieved more
readily than when the pH of a solution is raised abruptly, leading to a quick precipitation.

A typical protocol consists of preparing a 1.8 mM solution of Fe(NO3)3 in water, the pH of
which is 2.8-2.9. The carrier is immersed in a freshly prepared solution at room temperature and
left overnight. During that time, the originally clear solution turns yellow, indicating the formation
of polynuclear species. The carrier is taken out of the solution, rinsed well and used immediately
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or kept wet (immersed in water) for later use. Bringing a cellular suspension in contact with a
carrier treated in this way results in adhesion of the cells to the support surface.

The oxy-hydroxide formed at the surface of the carrier makes it less negative. Figure 4
presents the electrophoretic mobility of fine glass particles before and after treatment with ferric
nitrate solution. The isoelectric point (iep) of the glass is shifted from 2 to 4.5-5 due to the
treatment (Hermesse et al., 1988).
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Figure 4: Variation of electrophoretic mobility as a function of pH in 7.10-4 KNO3 solution: O, glass
particles; A glass particles treated by a solution of ferric nitrate (adapted from Hermesse et al,
1988).

Changui et al. (1987) investigated the influence of the treatment of native and oxidized bis-
phenol A polycarbonate (PC) by solutions of ferric nitrate as described above. Table 1 presents the
results of characterization of the treated PC surface by conventional chemical analysis and XPS
analysis, as well as the water contact angle and the { potential measured by the modified
microeletrophoresis apparatus described by Doren et al. (1989), (Figure 2). The distribution of
iron on the surface was evaluated by comparing results of XPS analysis and chemical analysis,
through various models. It was concluded that iron oxy-hydroxide, in the form of about 10 nm
particles, was coating the surface. The deposition of ferric hydroxide particles provoked a charge
reversal which allowed adhesion of a dense layer of yeast cells. When the ferric treatment was
applied to native PC, subsequent drying prevented adhesion of a dense layer of cells. This did not
occur when the PC surface had been oxidized before the ferric treatment, due to lower surface
hydrophobicity of the support and better anchorage of the ferric hydroxide particles on its strongly
negative surface.

Such treatment with a solution of ferric nitrate was successfully applied to glass and various
polymeric materials that served then as carriers for immobilization of Saccharomyces cerevisiae
(Mozes et al., 1987), Acetobacter aceti (Mozes et al., 1987; Hermesse et al., 1988), Bacillus
licheniformis (unpublished), and a series of anaerobic bacteria (Fregard, 1991). A few examples
are shown in Figure 5a,b. In these tests the cells were suspended in water. When cells of A. aceti
were suspended in their culture medium, they failed to adhere to treated glass. It was shown that
that was due to reconditioning of the ferric-treated surface by adsorption of constituents of yeast
extract .
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Table 1. Surface properties of bisphenyl-A polycarbonate submitted or not to oxidation and Fe
treatment; influence on the adhesion of Saccharomyces cerevisiae (Changui et al. , 1987).

Support N-N (a) N-Fe (a) Ox-N (a) Ox-Fe (a)
Amount of iron (umol/m2) (b) 0 26 0 55
XPS Analysis (c)
o 0.19 0.29 0.35 0.65
Fe/C 0.00 0.03 0.00 0.05
S/C 0.00 0.00 0.05 0.10
Water contact angle (°) (d) 77 86 55 40
Zeta potential (mV) (e) -26 +18 -87 +75
Adhesion of yeast (f) none dense none dense and
uniform

(a) N-N : nontreated; N-Fe : immersed 24 h in 1.8 mM ferric nitrate solution at pH 4; Ox-N : immersed
30 min in sulfo-chromic mixture; Ox-Fe : Ox-N subsequently immersed 24 h in 1.8 mM ferric nitrate
solution at pH 4.

(b) Amount of ferric hydroxide retained by the surface, determined by chemical analysis.

(c) Apparent surface composition determined by X-ray photoelectron spectroscopy and expressed in terms of
atom concentration ratios.

(d) Water contact angle measured by the sessile drop method.

(e) Apparent zeta potential determined by electroosmotic technique.

(f) Adhesion tests performed with Saccharomyces cerevisiae suspended in HNO3 solution of pH 3 or 5.

Figure 5: Cells immobilized on treated carriers: a, Saccharomyces cerevisiae on polyamide treated by ferric
nitrate solution, bar represents 20 um; b, Acetobacter aceti on polycarbonate treated by ferric
nitrate solution, bar represents 5 um; ¢, Kluyveromyces lactis on glass fiber treated by chitosan
solution, bar represents 20 pum.

4.2. ALUMINIUM IONS

The AB+ ion is coordinated with six molecules of water. The high charge of the A13+ ion weakens
the OH bond, as a result a proton is released and the formation of polynuclear cations may take
place.

A typical protocol for treatment of a support with aluminium ions is the following. Glass plates
are immersed in an aqueous solution of AIINO3)3 0.1 mM and KNO3 10 mM. The pH, initially 4,
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is raised progressively up to 6 by slow addition of KOH during 30 min. The plates are kept in the
solution 15 minutes longer, then rinsed with a solution of KNO3 10 mM pH 6. The electrokinetic
properties of glass plates treated in this way were compared with those of non-treated plates: the
electroosmotic mobility at pH 6 was -3.4 « 10-8 m2V-1s-1 for non-treated glass, and +4.5 « 10-8
m2V-1s-1 for Al-treated glass (Doren et al., 1989).

Glass plates treated with a similar procedure were used successfully for immobilization of
Xantomonas campestris and Escherichia coli (Rouxhet and Mozes, 1990a).

The use of hydrolysable ions for rendering the surface less negative is a very simple procedure
and requires inexpensive reagents. A serious limitation for the treatment with hydrolysable ions is
the large amount of acid wastes which render it impractical for large-scale operation.

5. Adsorption of Organic Polycations

Polymers may adsorb firmly onto surfaces as a result of a large number of weak bonds.
Adsorption of cationic polymers is enhanced due to electrostatic interactions with the negative
surface. The strongly adsorbed polycationic molecule still leaves free cationic sites which may
interact with anionic sites of the cell surface. The cationic site is a quaternary ammonium or a
protonated amine; in the later case its positive charge is pH dependent.

5.1. CHITOSAN {POLYGLUCOSEAMINE, (1,4)-2AMINO-2DEOXY--D-GLUCAN}
This is a deacetylated derivative of chitine. As it is obtained by hydrolysis of a natural product and

since the deacetylation is not always complete, the chain length and the number of positive charges
per molecule are not regular.

A stock solution is prepared by dissolution of 5 g flakes of chitosan in 1 1 of 1M acetic acid,
and either used as such (pH 3.1) or dialyzed against deionized water until a pH of about 6.3 is
obtained. This stock solution is diluted with water to a final concentration of 0.4 to 1g/1. The
carrier is immersed during 1 h at room temperature in this solution (Champluvier et al.,1989a).

The effect of chitosan treatment (immersion during 1 h in non-dialyzed solution, then drying)
on the surface charge of tissue-culture-grade polystyrene was demonstrated by a change of
electroosmotic mobility at pH 5.2 from -8.2 « 10-8 to +5.4  10-8 m2V-1s-1 (Doren et al., 1989).
Chitosan treatment of glass plates, glass fibers and polyurethane foam was successful in promoting
adhesion of yeast (Kluyveromyces lactis) and bacteria (Klebsiella oxytoca, Bacillus licheniformis).
An example is illustrated by Figure Sc.

In order to investigate the influence of experimental conditions, adhesion tests were performed
by sedimenting cells of Kluyveromyces lactis from suspension in water onto glass plates pretreated
by chitosan solution and rinsing the plates with water in order to remove non-adhering cells
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(Champluvier et al., 1989a). Three alternative procedures were compared after immersion of the
plate in the chitosan solution: the solution was evaporated at 100°C; the support was drained to
remove the excess solution and not dried; the support was rinsed with distilled water and not dried.
If the glass plates were pretreated by a nondialyzed (low pH) chitosan solution, a dense coverage
by a single layer of cells was achieved with no appreciable differences among the three procedures.
When glass was pretreated with a dialyzed chitosan solution (pH 6.3), adhesion of multilayers or
flocks was detected for the two procedures which did not involve drying. The formation of
multilayers is attributed to desorption of the polycation from glass and its adsorption on the cells,
leading to their association. The absence of multilayers when the support was treated by
evaporating the chitosan solution is attributed to a dehydration of chitosan which slows its
dissolution. The fact that the use of a dialyzed solution of chitosan favours the formation of
multilayers, and a non-dialyzed solution does not, is probably due to the lower chitosan solubility
at the higher pH, which leads to a larger adsorbed amount.

Additional tests were performed with glass plates pretreated by evaporation of a nondialyzed
chitosan solution; the medium in which the cells were suspended and the contact time were varied.
When the cells were suspended in water, multilayers were not observed after 1 h (the standard
duration) of contact between the cell sediment and the support but were found after 12 h of contact.
Sedimentation of cells suspended in yeast extract solution at pH 6.5 provided less dense, less
uniform and less reproducible cell coverage, compared with cells suspended in water. This was
attributed to the fact that adsorption of constituents of the culture medium modified the surface
properties created by the chitosan treatment. The same was observed with cells suspended in yeast
extract solution at pH 4; however in this case cell aggregates were also observed when the contact
between the cell sediment and the support was extended to 12 h. These observations indicate again
a cell aggregation caused by a redissolution of previously deposited chitosan, which is more
pronounced at pH 4 than pH 6.5.

These results show that the procedures used to pretreat the support and to bring the cells in
contact with its surface determine the distribution of the cells retained on the surface: dense single
layer, multilayer, isolated cell aggregates.

Permeabilized yeast cells of Kluyveromyces lactis in which lactase was confined were
coimmobilized with Klebsiella oxytoca cells in a chitosan treated fiberglass matrix (Champluvier e
al., 1989b). The permealibilized yeast converted lactose into glucose and galactose, which were
assimilated by the bacteria to produce 2,3-butanediol. The stability of the coimmobilized system
was demonstrated in a microreactor by the continuous conversion of lactose into 2,3-butanediol at
30°C during 25 days. Compared to the literature data on direct conversion of lactose using pure
cultures, higher butanediol concentrations were obtained and 10 to 100 times higher rates of
production were achieved. B. licheniformis immobilized in the same way could also maintain
metabolic activity; in that case the product was the antibiotic bacitracin (unpublished).

5.2. DEAE-DEXTRAN

Dextrans are homopolymers of D-glucopyranose units connected by glycosidic linkage. The main
chain consists of a(1-6) linkages with side chains attached by o.(1-3) linkages. Such polymers are
produced by several species of bacteria. They are naturally extremely polydisperse; controlled acid
hydrolysis followed by careful fractionation is used to produce dextran fractions with narrow
molecular weight range. The radical diethyl aminoethyl (DEAE) may be grafted on such polymers
as shown below.
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By immersion of a glass carrier in a 1% solution of DEAE-dextran in water during 20 min, one
could obtain a reversal of the surface charge and an increase of surface hydrophobicity. The
electroosmotic mobility at pH 7 changed from -5.8  10-8 m2V-1s-1 for naked glass, to +4.1 « 10-8
m2V-1s-1 for DEAE-dextran treated glass, and the water contact angle changed from 15° to 81°
respectively (unpublished).

This treatment makes the glass carrier very attractive for microbial cells. Biicks ezal. (1988)
immobilized Corynebacterium glutamicum cells on DEAE-dextran treated porous glass and used
them for conversion of a-ketocaproic acid to l-leucine. In the authors' laboratory Bacillus
licheniformis was immobilized in this manner on glass fibers and polyurethane foam.

5.3. POLYETHYLENIMINE (PEI)
This polymer is commercially available, inexpensive and non-toxic.
-[CH2-CH2-NH-],

Its use was described by D'Souza et al. (1986). A 0.2% aqueous solution at pH 7 is brought in
contact with the support during 2 h, the excess solution is drained and the carrier dried. The
drying step is essential. Contact of a yeast suspension with a plate treated in this manner resulted
in a dense uniform monolayer of adhering cells. The attachment was strong and resisted extreme
pH conditions or changes in ionic strength. The viability of the cells was not affected, and the
enzymatic activity of their invertase could be exploited in a small reactor.

PEI was also used with cotton cloth as a carrier to immobilize ureolytic acetobacter species
(Kamath and D'Souza, 1991). Cotton cloth was treated with PEI and dried; then it was soaked in
a suspension of washed cells and the non-adhering cells were removed by rinsing with water.
Combination of adhesion of cells onto the treated support and their flocculation by free molecules
of PEI led to retention of higher amounts of cells. The immobilized bacteria retained 80% of their
original ureolytic activity even after 10 cycles of repeated batch runs. They have also been used in
a continuous reactor with a half life time of 15 days.

5.4. POLYCATIONS DESCRIBED FOR PROMOTION OF ANIMAL CELL ADHESION

Adsorption of polycations is often described as a means to promote adhesion of animal cells to
glass or polystyrene surfaces. Some of the polycations reported in the literature are listed below.

Ionenes are long linear polymers of molecular weight between 10.000 and 60.000 with
quaternary ammonium at regular intervals. Their general formula is:
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CH; CH,
I |
. N—R;—N—R,
CH3 CH3
2Z°

Rj, R are aliphatic, aromatic or heterocyclic groups; Z is an anion, generally halide. An example
of common ionene is polybrene where R; = (CHj)g, R2 = (CH2)3 and Z = Br -. Ionenes are used
at very low concentrations (2-4 mg/l) and must be washed away after contact with the support as
they may be toxic to animal cells.

Polylysine is also used as relatively diluted solution. It adsorbs instantaneously, and a contact
of 5 minutes with the carrier is sufficient. This reagent is also toxic for animal cells and its excess
must be removed before the cells are added.

o)
Il
NH—CH—C
|
(CHy)—NH
cl’ n

Copolymers of hydroxyethyl methacrylate (HEMA) and dimethylaminoethyl methacrylate-
hydrochloride (DMAEMA-HC]) or trimethylaminoethyl methacrylate-chloride (TMAEMA-Cl)
were used by Hattori et al. (1985). Streaming potential measurements and bulk titration carried out
in parallel to adhesion tests of fibroblasts, clearly demonstrated that cell attachment and
proliferation were dependent on the mole fraction of cationic molecules of the copolymer and on
the { potential of the treated support.
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L L b L,
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1 1 1 |
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a & a @
DMAEMA-HC1 TMAEMA-CI

The main advantage of using polycations is that their interactions with surfaces are stable with
time. They confer a positive nature to the carrier, sometimes even independently of the pH. This
is of great importance for systems where the metabolic activity results in alkalinization of the
medium. The polymers adsorb strongly to the support and make it attractive for cells. Excess of
polymers may provoke cell flocculation that result in retention of very high amount of cells. Care
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must be taken to eliminate nonadsorbed polycation before animal cells are brought in contact with
treated carriers, since they disrupt the plasma membrane.

6. Grafting Amine Functions

Covalent binding of positively charged molecular entities, like amine at adequate pH, can also
confer a positive nature to the support surface.

Triaminosilane  {N'-(B-aminoethyl)-N-(B-aminoethyl)-y-aminopropyl-trimethoxysilane},
(OCH)3 Si CH2(CH2CH2NH)2 CH2CH2NH 2, is protonated at neutral pH. On the other hand,
the methoxy groups hydrolyse in water (3).

(OCH3)3-Si-(RNH) + 3H20 — (OH)3-Si-(RNH) + 3 CH30H 3)

The product condenses (4) and may react with any available hydroxide group of a support
(eventually glass).

ﬂ‘li‘OH —Si—OH
| |
‘.’ %
) |
*‘SIX—OH + (OH)—Si—(RNH) —3~ —Si—O—Si—(RNH) )
0 o 4
| | |
—Si—OH —Si—OH

Condensation of hydroxide groups of adjacent silane molecules and cross-linking take place upon
curing. The result is a carrier with firmly bound hydrophobic material carrying a positive charge at
neutral pH.

A typical protocol is the following. A triaminosilane (A 1130 Union Carbide) solution of 1% in
water (pH 10.5) is acidified to about pH 5 with acetic or hydrochloric acid. Glass plates are
immersed in this solution at room temperature during 2 h. They are then drained, but not rinsed,
and cured in an oven (120°C) during 2 h. The cooled plates can be used immediately or stored dry.

The inversion of the surface potential was demonstrated by electroosmotic mobility
measurements. Values obtained for native glass plates and aminosilane treated glass plates were
-3.50 « 10-8 and + 2.36 « 10-8 m2V-1s-1, respectively. The increased hydrophobicity was noted
by determination of water contact angles; the measured values were 20° and 60° respectively.

An alternative protocol was described by Biicks et al. (1988) who used open-pore sintered
glass as a carrier. The triaminosilane (A 1130) solution (5%) was made in methanol and the pH
adjusted to S with HC1. The carrier was boiled for 4 h under reflux in that solution, then rinsed
with water for 4 h and heated at 120°C overnight. Rinsing before curing reduced the extent of
polymerization and cross-linking and hence the risk of obstructing the carrier pores.

When a suspension of microorganisms is brought in contact with the treated carrier, the cells
adhere at the surface and do not detach even after rinsing with an intensive stream of water.

A matrix of glass wool coated with phenolic resin was treated by triaminosilane in a manner
similar to the standard protocol described above. The streaming potential at pH 6 to 7 which was
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originally -11 mV became +5 mV after the treatment. Hydrophilic cells (like yeast S. cerevisiae or
the bacteria Acetobacter aceti) were not retained by the matrix unless it was treated with the
aminosilane. On the other hand, hydrophobic cells, like Moniliella pollinis and Kluyveromyces
fragilis, did adhere to the non-treated glass wool (unpublished). S. cerevisiae was also
immobilized by Navarro and Durand (1977) on silica treated by aminosilane. Bacillus
licheniformis was immobilized in view of production of the antibiotic bacitracin: a dense
homogeneous coverage was obtained after 2 h of contact of a triaminosilane-treated glass plate with
the cell suspension; a very good adhesion was also obtained on the fibers of triaminosilane-treated
glass wool after circulation of the bacterial suspension through the matrix (unpublished).
Corynebacterium glutamicum , immobilized on porous glass material treated by triaminosilane,
was used for conversion of a-ketoisocaproate to 1-leucine (Biicks et al. 1988).

Another method to confer a positive charge to a support surface and promote cell adhesion is
grafting a quaternary ammonium compound. The surface charge in this case is positive,
independent of the pH. Thus triethylamine and triethanolamine were grafted on polystyrene (PS)
in solution. The resin was then precipitated and used as a carrier for immobilization of S.
cerevisiae.

/\/\[/\/\lCZHS /\/\(\/ZZH“OH

CHy— :‘CZHS CH2_+1~L CH,OH
|
-a Gls -Cl GHOH
Triethylamine - PS Triethanolamine - PS

Very dense adhesion was obtained in both cases. The production of ethanol by the yeast
immobilized on triethanolamine-grafted PS was similar to that by free cells in suspension. On the
other hand, the yeast immobilized on triethylamine-grafted PS suffered severe reduction of activity.
The reason was found to be the release of free triethylamine that remained unbound in the resin and
is toxic for the yeast (Rouxhet and Mozes, 1990b).

Covalent binding is much stronger than adsorption; therefore grafting is regarded as an
irreversible alteration of the surface properties.

7. Physical Treatments

Adhesion of animal cells to solid surfaces is beyond the scope of this chapter. It is however
interesting to mention the basic approach in the efforts to enhance adhesion (to be followed by
proliferation and differentiation) of these cells. It has been shown that the surface free energy (ys)
or hydrophobicity of the substratum is a key factor in this respect (Schakenraad and Busscher,
1989). Radio frequency plasma discharge is currently practiced to alter the surface properties of
polymers by introducing reactive or functional groups. Basically, it creates active species, the
nature of which depends on the experimental set up and conditions, and which react with the
polymer surface. Introduction of functional groups like -OH, -C=0, -COOH, -NHj, increases 7s
(Dewez et al., 1990) and favours adhesion of epithelial (Kirkpatrick et al., 1991) and endothelial
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(Dewez et al., 1990) cells. In optimal conditions for the cells (presence of proteins), their
attachment is independent of the nature of the functional groups at the polymer surface, as long as
vs is high enough. However, if the cellular protein synthesis is blocked, it seems that attachment
of epithelial cells takes place only when the discharge had conferred a positive nature to the support
surface. It has been shown recently that the surface of polyethyleneterephtalate (PET) became an
excellent support after treatment by NH 3-plasma. The water contact angles of the non-treated and
treated materials were 66° and 32° respectively; the iep, obtained from streaming potential
measurements, were 2 and 4 respectively. Epithelial cells adhered on the treated PET much faster
than on the non-treated PET, and a confluent cell monolayer was established only on the treated
material (J-L. Dewez, personal communication).

8. Concluding Remarks

Various methods for modification of the surface electric properties of supports in order to promote
cell adhesion were described. The list is of course incomplete and other possibilities exist.
Altering surface energy (increase hydrophobicity to favour microbial adhesion, increase
hydrophilicity to favour anchorage and proliferation of animal cells) can also be considered.

The methods described here have been established and demonstrated in laboratory-scale
experiments. Their application in large scale operations must take into consideration the ecological
impact of manipulating large volumes of reagents. Constituents of the culture medium may mask
the positive charge conferred to the carrier surface. Some techniques combine adhesion and
flocculation, ensuring thus a rapid accumulation of biomass at the substratum surface; polycations
seem to be most suitable in this respect. Applicability of the techniques based on coating with
colloidal particles depends on availability of cheap sols.

Among factors that should be considered for selecting a method, one may cite: reversibility of
the surface modification, influence of sterilization on the modified surface, eventual toxicity of the
reagents used, price of the necessary reagents and conservation of the suited activity.
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Introduction

The promotion or prevention of cell adhesion on substrates is important for a vast number
of applications in the Biomedical and Biotechnology industries. Materials for biomedical
devices include metals (Park, 1984, Katz, 1971) (e.g. stainless steels and Titanium for use
in orthopaedic prostheses); native polymers (Polyzois et al., 1991, Tighe, 1992) (e.g.
silicone rubber and polyethylene); and polymers which have been surface treated with non-
biological (Desai and Hubbell, 1991) or biological molecules such as heparin, urokinase
and phosphatidyl choline (Williams, 1992). For any biomedical application the material
must firstly and foremostly be non-toxic, non-carcinogenic, non-immunogenic and non-
thrombogenic. In addition, a material may be selected for its ability to either promote or
prevent cell addition. For example, contact lenses, urinary tract and vascular prostheses are
devices which require the minimal of protein adsorption and cell adhesion. On the other
hand, for some orthopaedic implants, cell adhesion is encouraged by the use of surface
reactive materials such as hydroxyapatite which promotes strong interfacial binding via
collagen secreted by the bone cells (Hench and Wilson, 1984).

In animal cell biotechnology, cell-substrate adhesion is required for the growth of
anchorage-dependent cells which are exploited for the production of enzymes, vaccines and
therapeutic biologicals. Substrates for cell culture include corona-discharged polystyrene,
glass beads, microporous carriers of collagen and gelatin, etc. (Chinn et al., 1989,
Srivastana et al., 1990). The effective scale-up of anchorage-dependent cell lines requires
maximum cell adhesion and growth in:

* Media which are often enriched with highly surface active polymers such as antifoams
and cell protecting agents (Pluronic F-68) (Papoutsakis, 1991a).
* High shearing hydrodynamic environments which may prevent cell adhesion, or results
in cell detachement and substrate disintegration (Papoutsakis, 1991b).

For both the biomedical and biotechnological applications, a number of complex factors
have been shown to affect cell-substrate adhesion. Briefly, these are:
i) Cell type: Adhesion of a specific cell type depends on its morphology (e.g. flat, discoid
vs thin, elongated shapes); the density and composition of cell-substrate focal contracts;
and the presence of other cell-cell interactions. Spier et al. 1987 have demonstrated a
significant difference between the strength of adhesion of BHK, Vero and MRCS5 cells on
cell culture polystyrene.
ii) Substrate wettability: In general cells adhere poorly to hydrophobic substrates. A
number of techniques are used to increase the wettability of a substrate: sulphuric acid
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treatment of bacteriological polystyrene (Martin and Rubin, 1974), grafting of poly (vinyl
fluoride) with methacrylates (Yoshii and Kaetsu, 1983), plasma discharge of polymeric
materials (Amstein and Hartman, 1975), etc.

iii) Surface charge: Both positive and negative surface charges have been shown to affect
cell adhesion. Negative surface charges have been demonstrated to be most important on
rigid materials such as surface-oxidized polystyrene and glass (Maroudas, 1973), whilst
positive charges have been shown to affect cell adhesion on copolymeric hydrogels (Hattori
et al., 1985).

iv) Protein adsorption: Although many studies have been carried out on the adsorption of
simple proteins onto substrates, little is understood about the effects of the many important
cell culture proteins which also contain carbohydrate and sialic acid residues. Protein
adsorption onto hydrophobic substrates is often rapid and non-reversible (Kaelbe and
Moacanin, 1977), whilst on hydrophilic substrates the interactions are weaker and
reversible. It has been suggested however, that proteins with high carbohydrate contents
may bind poorly to hydrophobic surfaces (Andrade and Hlady, 1987). Adsorption studies
with specific cell adhesion molecules such as fibrorectin show increased cell adhesion in
low serum or albumin media, but decreased cell adhesion in media supplemented with high
concentrations of non-specific proteins (Grinnell and Feld, 1981).

In conclusion, a number of complex factors affect the adhesion of animal cells onto
substrates. In general, most material used for biomedical applications mush have low
protein adsorption and cell adhesion, whilst for animal cell biotechnology, materials must
promote high cell adhesion and growth. In this study, a simple, reliable method (Radial
Laminar Shear Method) has been used to quantify the strength of cell adhesion on a large
number of native and surface treated substrates. Contact angle measurements of the
substrates have also been determined. The Radial Laminar Shear Method can be used
reliably for selecting materials with low, intermediate or high cell adhesion properties.

Materials and Methods

RADIAL LAMINAR SHEAR METHOD FOR DETERMINING THE STRENGTH OF CELL
ADHESION TO SUBSTRATES

BHK21 C13 cells cultivated in 50% RPMI/50% DMEM supplemented with 5% newborn
calf serum were inoculated onto various substrates at densities of 7x104 cells cm-2 or
3.9x104 cells ml-! for 24 hours at 37'C in 5% CO, in air. After 24 hours the cells were
subjected to the laminar shear force for 5 seconds in the Cell Detachment Device (CDD). A
circular zone of cell detachment was produced on the substrate, the radius of which is
known as the critical radius. Four measurements of the critical radius were determined and
the mean value was calculated. The critical shear stress required to detach the cells was
derived from this equation:

To=3Qrn where
d/2H2

To=surface shear stress (Nm-2), Qp=flow rate (m3s-1), n=viscosity (Kgm-1s-1), 4/o=critical
radius (m) and H=gap between the substrate and the CDD (m). Forty sample dishes were
tested for each material for 5 seconds at a liquid flow rate of 6.6x10-6m3 s-1.
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CONTACT ANGLE MEASUREMENTS USING THE SESSILE DROP TECHNIQUE

Substrate wettability was determined by

contact angle measurements. These were

made on various used, cleaned and sterilised

substrates (Brydges, 1991a). A flat sample

Left contact angle Right contactangle  Of the substrate was mounted on a horizontal
/ stage and a Sul drop of deionised cell culture

quality (reverse osmosis and deionised) water

(Millipore, USA) was pipetted onto it. This
was repeated 10 times. Care was taken not to
contaminate the surface of the material at any

Water droplet

7T

~ ' stage of the measurement. The drop was

Material illuminated from behind, the left (6;) and

. ioht advancin right (6g) aglvancmg contact f'mgles were
Figure 1 Left and rig . & measured with a telescope equipped with a
contact angles on a solid substrate gonimeter eyepiece (see figure 1). The mean

values for 10 drops of both the left and right
advancing contact angles were used
determined. The final measurements for each
substrate were therefore evaluated from the
mean of 20 results.

Discussion

Cell adhesion and contact angle measurements were carried out on substrates of varying
wettability (glasses, plastics, stainless steels and silicone rubber, with and without inert
coatings of an impervious hydrocarbon coating called DLC or Diamond-Like Carbon).
Figure 2 shows that there is a linear relationship between the strength of cell adhesion
(Nm-2) and contact angle values for a number of randomly selected substrates which have
been used, cleaned and appropriately sterilised. In a previous publication (Brydges et al.,
1991b) contact angles were determined on unused, but cleaned substrates and a linear
relationship was not obtained. Some of the materials underwent large changes in contact
angles e.g. soda lime microscope glass showed an increase in contact of 74% after being
used, cleaned and sterilised. However, some materials, e.g. Silicone rubber and DLC
coated polymethylpentene showed small decreases in their contact angles (of 4% and
0.08% respectively). These changes in contact angles therefore explain why we were
previously unable to obtain a linear relationship, although, previously we were still able to
show that for most materials increasing wettability resulted in increased cell adhesion. In
the present paper, we demonstrate that in order to elucidate substrate adhesion properties, it
is imperative to determine contact angles on substrates which have undergone the same
cleaning and sterilisation procedures as those carried out for the cell adhesion tests.
Substrates which normally support a low strength of cell adhesion (e.g.
Polymethylpentene) are able to support a high strength of cell adhesion when they are
modified by a coating of DLC. However, the strength of cell adhesion to soda lime
microscope glass, a substrate which supports a high strength of cell adhesion was seen to
decrease after DLC coating. In addition significant changes in the contact angles were also
observed, e.g. Polymethylpentene became more hydrophilic whilst soda lime microscope
glass became more hydrophobic. Thus DLC coating of a substrate results in the masking
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Material Strength of Contact angle(°)
cell adhesion 4+ standard
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1) Polymethylpentene autoclaved. 14+ 1.34 94.00 £ 6.20
2) Silicone rubber autoclaved. 25+0.12 9448 +3.45
3) Silicone rubber DLC coated autoclaved. 2.7 +0.08 78.88 + 1.12
4) DLC coated native polystyrene ethanol sterilised. 29 +0.25 66.94 + 4.69
5) DLC coated cell culture polystyrene ethanol sterilised. 29+0.24 57.02+5.30
6)'DLC coated Primaria polystyrene ethanol sterilised. 29+025 51.20+5.43
7) Stainless steel 316L 2B autoclaved. 3.1+0.25 6891 +2.35
8) DLC coated stainless steel 316L 2B autoclaved. 3.0+ 0.09 69.04 + 3.13
9) DLC coated polymethylpentene autoclaved. 31+0.25 73.01 4+ 2.55
10) DLC coated Stainless steel 316L Bright annealed. 32+0.13 64.96 + 3.86
11) Stainless steel 316L Bright annealed. 3.2+0.10 60.93 +4.43
12) DLC coated Alum-borosilicate petri dish glass autoclaved. 3.6 +0.40 66.02 + 3.23
13) DLC coated soda lime microscope slide glass autoclaved. 3.64+0.62 56.43 +4.17
14) Alum-borosilicate petri dish glass autoclaved. 3.64+0.56 53.78 +4.17
15) DLC coated Primaria polystyrene 1min corona discharge ethanol 3.6+0.12 41.26 + 4.38
sterilised.
16) Soda lime microscope glass autoclaved. 44 +1.01 26.3145.72

sho i P e relationship b
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of the underlying substrate properties, and the substrate therefore takes on the surface
properties of the DLC. DLC can therefore be used as a substrate coating for materials
which may not have required properties for cell adhesion.

Conclusion

We have shown that the RLSM can be effectively used for accurately quantifying the
strength of cell adhesion on hydrophobic and hydrophilic substrates. This method can be
used for selecting biocompatible materials for applications in the Biomedical and
Biotechnology areas. We have demonstrated that care must be taken in interpreting the
relationships between substrate wettability and cell adhesion. For both the measurements it
is advisable to carry out the tests on materials which are cleaned, treated and sterilised as
for their final applications in the Biomedical or Biotechnology areas.
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SHORT-TERM ADHESION STUDIES USING PSEUDOMONAS FLUORESCENS CELLS IN
CONTACT WITH GLASS AND FLUORINATED ETHYLENE POLYPROPYLENE SURFACES

I.E.C. MOTT AND T.R. BOTT
School of Chemical Engineering
University of Birmingham
Edgbaston

Birmingham B15 2TT. UK

1. Introduction

The deposition and growth of ©biologically active material, or
biofouling, is inherent to most non-sterile aqueous environments. Such
a phenomenon is particularly associated with industrial cooling water
processes and is a major contributor to operating expenditure.

The morphology and development of biofilms are closely dependent on
prevailing system characteristics, for example, fluid velocity and

constituents. The surface characteristics of the material of
construction will also affect the retention of biological material on
the surface. As an alternative, or complementary to the use of

biocides, it may be possible to choose a material of construction that
is less hospitable to the adhesion of biofilms.

2. Materials and Methods

A rectangular flow unit has been developed to facilitate the study of
microbial settling behaviour under controlled flowing conditions (Mott
1987). The objective of the system is to achieve a constant velocity
profile across horizontally mounted test sections. The unit
construction is required to permit the non-destructive removal of these
sections preceding each experiment for staining and microscopic
examination.

Perspex was chosen as the material of construction for the apparatus
because it may be machined and assembled easily and has a smooth surface
with the added advantage of visual assessment. Figure 1 details the
overall structure of the closed unit. Sample fluid is passed over three
10 cm diameter glass discs at a constant controlled flowrate by
centrifugal pumping. The fluid then collects in a holding tank prior to
recirculation. To avoid flow ‘disruption, it is necessary to insert
discs flush with the fluid contact surface.

The rectangular flow channel is required to enclose completely the
fluid so that no sample microbial aerosols escape to the atmosphere and
also ensure the liquid always flows through a constant cross-sectional
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area so that fluid flow characteristics such as Reynolds number may be
calculated accurately.

L X Entry
—«as:;\\\‘§\‘ Perspex length q point
[ SR
0.4m N 1
Discs % .
slotted View of perspex length. ¢ 05w | Cross-section at X.
in here =

g

I ‘////63;1

0.011m

Figure 1. Perspex flow section components

The recirculating fluid consists of a 1 to 2 x 10" cells/me
Pseudomonas fluorescens suspension, dissolved nutrients and mains tap
water which has undergone 5 um and 1 um pore filtration prior to system
entry. Pseudomonas fluorescens cells are chosen due to their occurrence
and slime forming properties 1in cooling water systems. The
micro-organism is supplied aseptically from a continuously operating
fermenter which provides cells within the logarithmic growth phase.

The components of the nutrient solution and to the circulating system
are identical, and provides for glucose limiting conditions in the
simulated cooling water together with trace elements. The nutrient is
identical to that used by Miller (1982).

This paper reports settling and attachment behaviour of Pseudomonas
fluorescens cells to glass and fluorinated ethylene polypropylene (FEP)
test sections. These surfaces are exposed to recirculating sample
fluids of mean velocities 0 to 0.41 m/s for periods of 0.5 to S hours.

Glass was selected as a control surface during these experiments due
to its visual assessment capability, chemical inertness and smooth
surface finish. FEP film is manufactured by Holscot Industrial Linings
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Ltd. This commercially available product is marketed for high chemical
inertness, thermal stability, electrical insulation, transparency and
anti-stick properties (Holscot 1988). It may be considered as a
potential antifoulant surface due to the latter characteristics.

An FEP film of thickness 0.5 mm is used throughout the investigation.
The samples are glued onto glass discs to minimise flow disturbance
within the rectangular channel. A 1 cm” grid is constructed on the base
of all discs to define cell counting boundaries for later microscopic
analyses. The discs are then inserted into the perspex apparatus and
exposed to the sample fluid under controlled conditions of time and
flowrate. After disc removal, the number of cells attached in each grid
corner is recorded. The outline of each cell is enhanced by staining
with crystal violet prior to microscopic examination. Fifty cell counts
are taken per disc and an average taken for each experimental condition.

3. EXPERIMENTAL RESULTS

Results for glass and FEP surfaces are recorded in Tables 2 and 3 and
illustrated by Figures 2 and 3. The effect of exposure time and
velocity on attachment characteristics of Pseudomonas fluorescens cells
is demonstrated.

110000C : T |
N. 100000 - 4
£
P
é 90000 + - 7
3 e—o |
s 8000C | . -
P \V
—4
8 70000 ~ ® Represents cell attachment b
g to glass.
S 60000 [— V Represents cell attachment -
8 to fluorinated ethylene % v\\_
% 50000 polypropylene. '\./. -
40000 : . : ' - :
0.26 0.28 0.20 0.32 0.34 2.36 0.38 0.40 0.42

Average velocity (m/s)

Figure 2. To show the effect of velocity on cell number attachment to
glass and FEP surfaces after two hours operation
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Figure 3. To show the effect of exposure time on cell attachment to

glass at 0.38 m/s

4. DISCUSSION

Microscopic examination of all discs subjected to quiescent conditions
indicate substantial clumping of cells on the glass and FEP surfaces.
Such characteristics are consistent with previous results using glass
and novel polymeric surface coatings (Mott 1987).

Conversely, settling experiments under flowing conditions yield a
relatively even cell distribution across the entire disc. This 1is
significant because it suggests that constant velocity and fully
developed flow conditions are achieved over the entire counting region
of the disc. It also indicates that the presence of other adjacent test
sections does not appear to influence greatly the attachment
characteristics of downstream surfaces. Such factors are essential when
a comparison of surfaces and velocities is required.

A comparison of cell settlement characteristics on glass and FEP
surfaces is presented by Table 1 and Figure 2. The surfaces are exposed
to velocities of 0.28 to 0.41 m/s for 2 hours. The results for both
surfaces are similar and indicate a significant correlation betweenzcell
number and velocity. A steady decreﬁfe of 101000 to 49000 cells/mm™ for
glass and 88000 to 51000 cells/mm”~ for FEP 1is registered using a
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velocity range of 0.28 to 0.41 m/s respectively. The similarity of the
surfaces 1is consistent with other longer-term adhesion data using
vertically mounted tubular test sections (Mott 1991). This is
encouraging since glass surfaces have consistently exhibited lower
fouling levels compared to other materials of construction commonly
associated with industrial cooling water systems for example, stainless
steel 316 and mild steel (Mott 1991).

TABLE 1. Attached cell number and fluid velocity after 2 hours
operation
Test velocity Reynolds number Attached cell number (cells/mma)
(m/s) (=)
Glass FEP

0.00 0 441000 391000
0.28 5880 101000 88000
0.31 6510 92000 79000
0.33 6930 84000 78000
0.36 7560 84000 76000
0.38 7980 50000 57000
0.40 8400 46000 57000
0.41 8610 49000 51000

TABLE 2. The effect of exposure time on cell settling characteristics
using a glass surface and a test velocity of 0.38 m/s

Time Attached cell _number Time Attached cell _number
(hours) (cells/mm") (hours) (cells/mm")

0.5 25000 3.0 169 000

1.0 22000 3.5 195 000

1.5 32000 4.0 209 000

2.0 88000 4.5 214 000

2.5 101000 5.0 232 000

Figure 2 details the effect of exposure time on the settling
characteristics of Pseudomonas fguorescens cells at 0.38 m/s. A cell
concentration of 25000 cells/mm~ is registered on the glass surface
after % hour’s operation. these initial settlement numbers then appear
to remain constant up to 1% hours operation. an increase of 207000 in
attached cell number/mm” then prevails up to 5 hours operation, the
maximum exposure time examined. It is likely that such an increase may
be attributed to the settlement of subsequent cells rather than cell
division processes since longer-term studies using this micro-organism
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have indicated a significant induction phase of up to 100 hours prior to
large-scale cell division (Mott 1991).

S. CONCLUSIONS

A significant correlation between attached cell number and applied
velocity is achieved for FEP and glass surfaces. Lower settlement
numbers are registered at higher velocities for a test range of 0 to
0.41 m/s.

The 1length of exposure time influences strongly the extent of

attachment on to test surfaces using a velocity of 0.38 m/s. A
substantial number of cells (25000 cells/mm”) are recorded on glass
after % hour’s operation. an increase of 207000 in attached cell

number/mm2 is then observed from 1% to S hours operation, the maximum
exposure time.
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1. Introduction

Many studies on the adhesion of microorganisms and eucaryotic cells to inanimate surfaces have
focused on the chemical and physical properties of the substratum. Several general trends have
been observed, such as higher levels of bacterial adhesion and protein adsorption on hydrophobic
surfaces as compared to hydrophilic substrata (Marshall, 1985; Pringle and Fletcher, 1983).
However, there is enough conflicting evidence to prevent the prediction of bacterial adhesion
based solely on substratum hydrophobicity (Dexter et al., 1975; Pedersen et al., 1986). Steric
repulsion may retard adhesion of proteins (Lee, et al., 1988; Prime and Whitesides, 1991),
eucaryotic cells (Owens et al., 1987), and bacteria (Humphries et al., 1987) to surfaces.
Molecular mobility of flexible molecules on the substratum surface sterically hinders the adhesion
of bacteria, regardless of the chemical composition of cell surface adhesives. To investigate the
effects of substratum molecular mobility and chemical composition on the kinetics and strength
of adhesion, we have initiated studies using substrata which exhibit a homogenous surface
consisting of specific functional groups.

2. Methods
2.1. ORGANISM

Cell cultures of marine Pseudomonas sp. NCIMB 2021 were grown to stationary phase in PYE
medium (0.1% peptone, 0.07% yeast extract, 3.3% Instant Ocean (Aquarium Systems, Mentor,
Ohio)) at 20C°. Cultures were harvested by centrifugation, washed twice, and resuspended in
3.3% Instant Ocean (w/v in distilled water) to a density of 2.0-5.0 x 10 cells/ml.

2.2. SUBSTRATA

Substrata with different surface characteristics were prepared in two ways, as follows: (1) Glass
coverslips were cleaned in 4:1 H,S0,/30% H,0,. Glass was rendered hydrophobic (advancing
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contact angle (©,)(water)= 90°) by immersion in a commercial silane, SigmaCote (Sigma
Chemical Co., St. Louis, MO). (2) Three types of self-assembled monolayers (SAMs) composed
of long-chain (10-18 carbons) alkanethiols were applied to glass coverslips. Decanethiol and
octadecanethiol were applied individually or as a mixture to construct SAMs based on the
methods of Bain and Whitesides (1989) and Bain et al. (1989). Clean glass coverslips were
coated with a thin (20 nm) layer of gold metal. To facilitate firm adsorption of the gold, (3-
mercaptopropyl)trimethoxysilane was applied to the coverslips prior to deposition of gold metal
(Goss et al., 1991). The monolayers were assembled onto the gold by immersion of the gold-
coated coverslips into an ethanol solution of the alkanethiol. The sulfur moieties of the
alkanethiol bind to the gold, causing the molecules to pack tightly in an orientation nearly
perpendicular to the surface of the gold. The resulting monolayer forms a nearly crystalline
structure within the long-chain alkane region. The surface characteristics of SAMs are dependent
on chain length and the terminal functional group (or groups for a mixed monolayer), which can
consist of methyl, hydroxyl, carboxyl, or oligo(ethylene glycol) moieties (Bain ez al., 1989; Prime
and Whitesides, 1991). We have constructed SAMs composed of decanethiol, octadecanethiol,
and a mixture of both alkanethiols. The single-component monolayers of decanethiol and
octadecanethiol exhibited the tightly-packed crystalline structure described above, with methyl
groups exposed at the surface. Advancing contact angles of water and hexadecane confirmed that
the single component methyl-terminated monolayers exhibited a very hydrophobic surface
(©,(water)=98°;, ©,(hexadecane)=32°). The mixed-component monolayer
(decanethiol/octadecanethiol, 15:1 in solution) was composed of octadecanethiol chains extending
above a tightly-packed mixture of decanethiol and octadecanethiol. The mixed-component
monolayer exhibited hydrophobic characteristics with water, a polar liquid. However, hexadecane
spread readily on the exposed alkyl chains of octadecanethiol, reportedly due to the mobile or
fluid-like state created by the exposed chains of the longer alkanethiol (Bain and Whitesides,
1989).

2.3. FLOW CHAMBER

Two types of laminar flow chamber were employed: rectangular glass capillary tubes (0.4 mm
x 4 mm x 100 mm, Vitro Dynamics, Inc., Rockaway, NJ) and a polycarbonate chamber (0.5 mm
X 14 mm x 25 mm) similar to the design of Owens et al. (1988). Laminar flow was confirmed
by dye tests conducted in the employed range of volumetric flow rates.

2.4, MICROSCOPY AND IMAGE ANALYSIS

Two microscope techniques were used in conjunction with computer-controlled image analysis.
The kinetics of adhesion (numbers of bacteria attaching and detaching per unit time) to several
transparent substrata were measured with phase-contrast microscopy (Axioplan, Zeiss,
Thornwood, NY). Reflection contrast microscopy (RCM) with an antiflex objective was used
to evaluate the separation distance between an attached cell and a glass or silane-coated glass
coverslip substratum. With this technique, image intensity is a function of separation distance,
so that at minimum separation distance, an image of maximum darkness is obtained. As
separation distance increases, the image becomes increasingly bright up to a distance of
approximately 100 nm (Verschueren, 1985). Attached cells, including total area covered, the
percentage of cells which attached or detached since the previous measurement, and the average
orientation of cells with respect to the axis of flow, were measured (ca. 2 min intervals) with
computer programmed image analysis (IBAS 2000, Kontron, Eching, Germany). Images of



attached cells obtained from RCM were captured and saved for later analysis.

3. Results

3.1. ADHESION KINETICS
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Figure 1. Kinetics of adhesion of marine Pseudomonas sp. NCIMB 2021 to inanimate

substrata under laminar flow. (A) Effects of flow rate. Arrows designate changes in
flow rate (ml/min). Glass (@,0) and silane-coated glass (l,[J). Two representative

trials are illustrated for each substratum. (B) SAMs of decanethiol (), octadecanethiol

(0O), and a 15:1 mixture of both alkanethiols (A) under a flow rate of 1 ml/min.

Representative trials are illustrated for each surface.
%field=4577 pm?
bvolumetric flow rates (ml/min)
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The kinetics of adhesion of marine Pseudomonas sp. NCIMB 2021 to glass and to
hydrophobic, silane-coated glass was measured in glass capillary tubes. Cells adhered much
faster and to a greater extent to the hydrophobic coating than to uncoated glass (Figure 1A).
During the first 20 min of exposure, adhesion to either substratum did not occur at a volumetric
flow rate greater than 1 ml/min (fluid velocity = 1 cm/s). A flow rate of 5 ml/min (5 cm/s) was
sufficient to remove most cells from the glass, but had little effect on the cells attached to the
hydrophobic coating. A 10 ml/min flow rate removed some cells from the silane-coated glass,
but results were not reproducible. The number of cells attaching to each substratum over time
also differed in the degree of scattering of data within each trial (Fig. 1A). Opposed to the
smooth, consistent kinetics profile of cells attached to hydrophobic glass, the number of cells
attached to glass fluctuated throughout the 65 min exposure period, regardless of flow rate.
Image analysis also indicated that cells detached from glass much more readily than they did
from the hydrophobic substratum.

The kinetics and extent of adhesion to three types of SAMs was measured in a polycarbonate
laminar flow cell at a fixed flow rate of 1 ml/min (0.24 cm/s). Although the rates of adhesion
over the first 15 min of exposure were similar for the three hydrophobic surfaces, there were
notable changes in the area covered after two hours exposure (Figure 1B). Attachment of cells
to decanethiol SAMs did not increase after ca. 20 min exposure, whereas cells continued to attach
to the octadecanethiol and mixed-component SAMs for up to 90 min of exposure. Adhesion to
the mixed-component monolayer was slightly higher than to the single component octadecanethiol
monolayer. The percentage of cells which attached or detached between successive time periods
was similar for the three hydrophobic surfaces.

3.2. REFLECTION CONTRAST MICROSCOPY (RCM)

RCM-generated images of cells attached to glass or hydrophobic glass were enhanced and
analyzed. Preliminary results indicated that the dark interference pattern (consistent with
minimum separation distance) occurred in many of the cells attached to hydrophobic glass but
not uncoated glass (data not shown). Among the cells attached to hydrophobic glass, the size of
the interference pattern varied, but usually occurred at one or both ends of the cell.

4. Discussion

With real-time image analysis of bacterial adhesion kinetics, we were able to quantitatively
determine the kinetics of attachment and detachment from the substratum over a two hour
exposure period. The relatively low levels of detachment from the hydrophobic surface may be
related to the strength or type of adhesion mechanism. Adhesion to a hydrophilic surface such
as glass appeared to involve weaker interactions than adhesion to hydrophobic substrata, as
evidenced by the relatively slow flow rates required to remove attached from glass as compared
to silane-treated glass. The increased amount of cell attachment and detachment from glass at
a constant flow rate (compared to treated glass) also indicated weak interactions between the
bacterial surface and glass. RCM analysis of the marine pseudomonad attached to glass indicated
an increased separation distance between the bacteria and the hydrophilic surface, compared to
the hydrophobic silane coating. Most cells attached to the hydrophobic substrata did not exhibit
the Brownian motion associated with "reversible adhesion" (van Loosdrecht et al., 1989), whereas
most cells attached to glass continued to exhibit Brownian motion even after two hours of
attachment. The observed increase in the rate of adhesion to a relatively hydrophobic substratum
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has been reported (Marshall, 1985; Rosenberg, 1986; Vanhaecke et al., 1990). The observed
effects of volumetric flow rate and shear stress on adhesion and removal of attached cells from
hydrophobic and hydrophilic substrata also has been documented (Owens et al., 1987; van
Loosdrecht, 1989).

Self-assembled monolayers (SAMs) were synthesized from two long-chain alkanethiols, i.e.
decanethiol and octadecanethiol. The number of cells that attached to the two-component SAM
was substantially higher than attached numbers on the decanethiol surface and slightly higher than
attachment to octadecanethiol. These initial data indicate that the molecular mobility of the
exposed alkyl chains of octadecanethiol on the mixed SAM do not prevent adhesion of the
pseudomonad. The higher numbers of cells attached to the mixed monolayer may be due to
increased interaction by means of dispersion forces on this substratum, as evidenced by decreased
contact angles of hexadecane. Currently, we are unable to adequately explain the relatively low
amount of cell adhesion to the decanethiol SAM compared to the octadecanethiol SAM. It has
been reported that alkanethiol SAMs with alkyl chains of less than ten carbons may form
monolayers which allow exposure of the underlying gold surface (Bain et al., 1989). It is
possible that the ten carbon chain of decanethiol is not long enough to prevent the influence of
the gold metal on bacterial adhesion, but the effects of gold were not detected by contact angle
measurements. To ensure that interactions with the gold metal are masked, future studies will
include the eleven carbon alkanethiol, undecanethiol. Also, intact monolayers will be verified
by ESCA analysis.

The methodologies described here will provide the basis for a detailed study of the chemical
and physical effects of substratum composition on several aspects of bacterial adhesion, including
adhesion kinetics, strength of adhesion, and the separation distance between attached bacteria and
the substratum. Using the image analysis system to simultaneously measure attached cells of
morphologically different bacterial species, we are initiating studies on competition among
bacteria for an exposed substratum. Other planned studies include the synthesis of mobile and
immobile hydrophilic alkanethiol monolayers, and the addition of different silane coatings for a
detailed analysis of bacterial adhesion with reflection contrast microscopy.
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1. Introduction

The use of coated surfaces could be an alternative to the wuse of
biocides for the control of biofilms.

In order to establish the effects of certain variables such as flow
velocity on treated surfaces a special apparatus has been developed in
which biofilms of Pseudomonas fluorescens may be grown under controlled
conditions. P. fluorescens was chosen for the work because it is known
to be an early coloniser of surfaces in mixed systems and occurs in
natural environments, eg. in rivers, lakes and soils. P. fluorescens is
one of the most common slime forming micro-organisms found in cooling
water systems (Liebert and Hood, 1985). A single species was chosen to
illustrate the effects of changes 1in the variables in order to
facilitate the subsequent analysis of the data. Furthermore, to obtain
steady state conditions, experience has shown that a culture of single
species is easier to control than a mixed culture simulating an
industrial water that may contain a large number of different organisms.

2. Materials and Methods

The principle of the operation is shown on Figure 1. The apparatus is a
more elaborate version of the one previously used in biofouling
research (Bott and Miller, 1983), and the experimental conditions are
generally similar.

The flow of cell suspens%on from Ege fermenter to the mixing vessel
was arranged to give 2 x 20 cells.ml in the circulating water and the
flow of medium to provide 8 mgl glucose at the beginning of each
experiment. -1

Ferric citrate (2.7 g.f ~ solution) was added to the mixing vessel at
a flow rate of 0.01 m{.s °, in addition to the nutrient solution

in order to make up the iron deficiency resulting from the use of
distilled water.

Conditions in the mixing vessel in respect of pH, temperature and
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dissolved oxygen were carefully monitored. The pH was maintained at 7.0
by continuous addition of 0.5 M KOH. The mixing vessel was "sparged"
with filtered air.

Microbes
Nutrient
Warter
Air Return ( Recirculating )  Once through
l A
Overflow
r— Test
Sections
Mixing Vessel

) Drain
Drain

Figure 1. Generalised drawing of the simulated cooling water system

Seven test sections consisted of glass tubes 767 mm long and eithg{
16.5 or 11.0 mm internal diameter, giving velocities of 0.5 or 2.5 ms
respectively, ie. Reynolds number of 9667 and 32222 respectively. Each
tube had its own rotameter so that the flow in each tube could be
carefully controlled. Assessment of biological growth in situ on glass
test sections was made using an infra red device. The principle of the
measurement is based on the absorbance of infra red radiation as it
passes through the biofilm.

It was recognised that glass is not a normal material of construction
for heat exchangers, but the "non-stick" properties of the polymers
could be effectively investigated by the technique provided that a
suitable "anchor" to the glass surface could be established.
Furthermore a glass surface is generally not hospitable to biofilm
adhesion, so the comparison of the polymer treatment with a glass
control represents a relatively severe test. Before tests could be
carried out in the flow equipment it was necessary to develop suitable
techniques for coating the tube surfaces. The criterion was essentially
to give uniform thin layers free from surface cracks and irregularities.

A sample of the recirculating fluid was taken for microbiological
tests to ensure that there was no contamination prior to the addition of
the stream containing the P. fluorescens.

Analysis of glucose concentration was carried out daily during an
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experiment. The glucose concentration was observed Ef respond to the
addition of the P. fluorescens and fall to below 1 mgé accompanied the
initial colonisation of the test surface. The teomperature of the
fouling fluid was kept as close as possible to 27 C throughout the
experiment.

3. Results and Discussion

Infra red absorbance of biofilm growth at velocities of 0.5 and 2.5 ms_1
on glass test sections when distilled water is used as the make-up
water, shows that at lower velocities the biofilm grows more rapidly and
thicker than at high velocities. The effects of fluid velocity are
clearly dgTonstrated, with a tg}cker film being produced at a velocity

of 0.5 ms compared to 2.5 ms °. The thinner film at higher velociEY
is attributed to the effects of increased fluid shear at 2.5 ms
compared to that a low velocities. As demonstrgf,ed by Santos et al

(1991), the less stable biofilm produced at 0.5 ms suggested a biofilm
with a less robust character and visual observation revealed that the
biofilm grown at loy?r velocity was much more open and "fluffy" than
that grown at 2.5 ms which appeared much more compact.

0.20
| & Clean 0.5m/s
0.16 % GCHPO0.5m/s
) = GCIM 0.5m/s
» 1 = Clean2.5m/s
g °127-= GCHP2.5mis
§ 1™ GCIM2.5m/s
L 008
0.04
0.00
0 100 200 300 400 500
Time (hours)
Figure 2. Polymers compared with control at 0.5 and 2.5 ms-1 using

distilled water

The effect on biofilm growth of glass coated with two different
chemical modifications which did not alter the absorbance properties of
the glass is shown in Figure 2. The surface treatments used were
Glassclad HP (GC HP) and Glassclad IM (GC IM) from Fluorochem Ltd.
Glassclad HP is a heparin modified siloxane resin providing hydrophilic
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surfaces with low thrombogenicity. Glassclad IM is a polyethyleneimine
modified resin used to provide glass surfaces with greater affinity for
cell adhesion.

As shown in Figure 3, the biofilm develops faster and becomes thicker
on a Glassclad IM coated surface than on_gither the control glass or
Glassclad HP coated surface at 0.5 ms _, velocity. There 1is no
difference in the biofilm growth at 2.5 ms velocities for the three
surfaces. Examination of the biofilms by SEM reveals that at higher
velocity the biofilm is more compact and the cells are aligned in the
direction of the flow (Santos et al, 1991).

There are no major differences in the biofilm growth on the control
glass and Glassclad HP test section which was to be expected, since the
surface properties of both were similar.

All surfaces exhibit the typical sloughing and regrowth pattern as
described by Bott and Miller (1983).

0.36
032 j &~ (Clean 0.5m/s
{1 ~* Ritec 0.5m/s
028 1 —*  DC5700.5m/s
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3 - { % DCS57002.5m/s
< 012 1 .
0.08 -
0.04
< X
0.00 o e =
0 100 200 300 400 500
Time (hours)
Figure 3. Polymers compared with control at 0.5 and 2.5 ms_1 using

distilled water

The pattern of infra red absorbance of biofilm growth at lower
velocities being greater than at higher ones was observed throughout all
the experiments, when distilled water is used as the make-up water. The
biofilms produced were composed exclusively of P. fluorescens. A
detailed description of biofilms using distilled water as the make-up
water is given in Santos et al (1991).

As shown in Figure 3, the performance of the polymers in preventing
biofilm adhesion when compared with the control (untreated surface)
follow the same pattern at both velocities, where the biofilm growth is
greater in the test sections coated with DC S5700.

Both Ritec Clearshield and Perma Clear are silane coupling agents with
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characteristics very similar to glass. This is in agreement with the
results shown in Figure 4, where there is not much difference in the
biofilm growth between the test sections coated with Ritec and Perma
Clear, and the control one.

Ritec Clearshield is a trimethyl chloro silane or trimethyl ethoxy
silane. Perma Clear consists of an alcoholic solution of siloxane
polymer.

Dow Corning 5700 antimicrobial agent (DC 5700) is trimethoxysilyl
propyloctadecyidimethyl ammonium chloride diluted to 42% active
ingredients by weight with methanol.

In this experiment, the tap water was used as the make-up water
instead of the distilled water. It passed sequentially through a 5Sum
pore activated charcoal cartridge filter to remove chlorine, a 1 mum
cartridge filter to remove all living organisms and spores. -1

When filtered tap water was used the biofilm growth at 2.5_ms was
much thicker compared with the biofilm growth at 0.5 ms . The
structure of the biofilms were very different both between the different
sources of the make-up water and between the two velocities using any
make-up water. Another relevant factor was the remarkable difference in
the colour of the biofilm when distilled water was used (pale-white
colour biofilm) compared with the biofilm when filtered tap water was
used (orange-yellow colour biofilm). In order to try to explain these
differences, identification tests were carried on the biofilm at the end
of the experiment by scraping some of the biofilm from the control test
sections and sent for analysis. The results show that no Pseudomonas
fluorescens was present in the biofilm instead Pseudomonas paucimobilis
(pigmentation yellow) together with Chryceomonas luteola (pigmentation
orange) were present.

DC57002.5m/s

1.6
1 & Clean 0.5m/s
14 " —¢ Ritec 0.5m/s
12 4 = DC5700 .5m/s
—0—
® 10 PC0.5m/s
g & Clean2.5m/s
% 08 1 == Ritec2.5m/s
:§ —

0.6
0.4
0.2
0.0 r
0 100 200 300
Time (hours)

Figure 4. Polymers compared with control at 0.5 and 2.5 ms—1 using
filtered tap water
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It is assumed that the filter system was inadequate in the experiments
with tap water so that contamination could occur. The only positive
identification for Pseudomonas fluorescens was found in the samples from
the fermenter and from the biofilm grown when distilled water was used.

The test results in relation to the performance of the surface
coatings were similar for the two types of water,. The results however,
were surprisingly different, if to not say, the opposite in respect of
adhesion at the lower and the higher flow velocities. This is shoyn in
Figure 4 where the infra red,absorbance of the biofilms at 2.5 ms are
much greater than at 0.5 ms °. When compared with the results shown in
Figure 3 in respect of velocities, they are completely different. For
example, in Figure 5 where filtered tap water was used, at higher
velocity rapid biofilm growth was seen after 80 hours, growth continuing
up to 178 hours with absorbance values of approximately 0.6, when the
first sloughing occurred.

The pattern of biofilm deposition and growth is very different whgT
distilled water is used (Figure 3). At the higher velocity 2.5 ms
only a thin biofilm develops and at 200 hours corresponding to an
absorbance value of 0.09 is only approximately 15% of that seen after
200 hours at the same velocity_yith filtered tap water as the diluent.
For the lower velocity 0.5 ms ~, although the biofilm starts to grow
after 32 hours, after 200 hours (prior to when two sloughing had
occurred) the absorbance value of 0.04 is approximately 50% of that seen
after 200 hours at the same velocity with filtered tap water as make-up
water for the control, Ritec and Perma Clear, but for the Dow Corning
5700 at the same velocity and hours run the absorbance is approximately
80%.
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1. Introduction

Bacteria that are attached to surfaces frequently appear to differ metabolically from their
free-living counterparts. There are two probable reasons for such physiological
differences: (1) the physicochemical conditions at the solid surface-liquid interface are
not the same as those in the bulk phase, and thus influence bacterial metabolism through
environmental effects, and (2) the bacteria in biofilms are often situated in close
proximity to other bacteria, microorganisms, and often macroorganisms, and are
influenced by synergistic, mutualistic, competitive, or antagonistic interactions among
biofilm members.

Numerous studies have been conducted to determine the ways in which solid
surfaces influence bacterial activity, and attempts have been made to identify those
principles that explain the basis of surface effects. Some general observations may be
made. For example, bacteria in biofilms tend to be less susceptible to toxic substances
than freely suspended cells. However, for the most part, it has been impossible to
formulate any general principles that describe the influence of surfaces on bacterial
physiology, much less determine the mechanistic basis for such effects. This is because
of the great variability and diversity of bacteria, with respect to taxonomic, functional,
and genetic characteristics. The relative significance of influential factors at the solid-
liquid interface will depend not only upon the physiological capabilities of the
organisms, but also on ambient nutrient conditions, and other physicochemical factors,
such as oxygen tension or electrolyte concentration, the nature of the solid surface, and
water flow and turbulence. All of these elements contribute to the development of a
biofilm community and help to determine its composition and physiological activity.
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2. Conditions at the Surface
2.1. NUTRIENTS AND SURFACES

The two most important characteristics of the solid-liquid interface for bacterial
metabolism are (a) hydrodynamic conditions, which are different from those in the bulk
phase, and (b) the tendency for dissolved solutes and particles to be adsorbed at the
surface. These two factors affect the concentration and flux of nutrients, as well as
removal of metabolic products, at the bacterial biofilm. In flowing systems, mass
transfer of nutrients to the biofilm will tend to increase with flow velocity (Characklis,
1984). Also, for rough surfaces, including those with biofilms, mass transfer is
increased, possibly as much as three-fold (Characklis and Marshall, 1990, p. 326),
compared to smooth surfaces. Thus, in general, bacteria in biofilms in flowing systems
are at an advantage because of increased delivery of nutrients and removal of inhibitory
metabolites.

There is also a tendency for dissolved solutes to be adsorbed on surfaces, because
the accompanying decrease in interfacial free energy is favored thermodynamically
(Hoffman, 1986; Norde, 1986). Accordingly, the adsorption of nutrients at surfaces may
concentrate them and make them more accessible to attached bacteria. This is
particularly true for high molecular weight compounds, e.g., proteins, carbohydrate
polymers, which would have multiple binding sites and, thus, tend to be retained at the
surface. Such macromolecules must be hydrolyzed before assimilation by the bacteria.
Thus, surface immobilization may promote access of bacterial enzymes to the substrates,
and thus facilitate utilization by bacteria. This process could be of prime importance in
many natural environments where readily assimilated low-molecular-weight substrates
(e.g., amino acids, sugars, organic acids) are scarce.

Although adsorption of macromolecular nutrients on surfaces could theoretically
increase their availability to bacteria, it can, in some circumstances, have the opposite
effect. Avid binding of substrates could prevent their hydrolysis by bacteria, or
adsorption of bacterial enzymes could inhibit or reduce their activity (Estermann et al.,
1959; Quiquampoix, 1987; Quiquampoix et al., 1989). Nucleic acids have been found to
be protected against degradation through interactions with sediment or sand fractions
(Lorenz et al., 1981; Lorenz and Wackernagel, 1987). Similarly, bacterial breakdown of
complex organic compounds, such as 2,4-D ([2,4-dichlorophenoxy] acetic acid)(Ogram
et al., 1985) or diquat (6,7-dihydrodipyrido[1,2-a:2',1'-c]-pyrazidinium dibromide)
(Weber and Coble, 1968) can be inhibited through adsorption on particles.

Solid surfaces may also be substrates, in which case they offer a clear advantage
for attached bacteria. Bacteria that utilize cellulose (Lamed et al., 1987), in particular
Clostridium thermocellum (Bayer et al., 1985), have evolved surface-associated
structures (e.g., polycellulosomes) that contain exocellular cellulase and mediate contact
with cellulose surfaces. Also, some bacteria appear to degrade solid substrates, such as
wood (Holt and Jones, 1983) or steroid crystals (Zyvagintseva and Zvyagintsev, 1969),
in the near proximity of the cell, so that "craters" are produced in the substrate beneath
the organisms. In some cases, the oxidation or reduction of minerals, e.g., sulfur
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(Takakuwa et al., 1979), iron oxides (Munch and Ottow, 1982), by bacteria has required
contact between mineral and bacterial surfaces. Frequently, such solids that serve as
substrates, e.g., cellulose, lignin, are largely recalcitrant, and represent the residual that is
left after leaching out and assimilation of more easily utilized substrates, e.g., amino
acids, sugars, organic acids.

2.2. THE BIOFILM AS A MICROENVIRONMENT

Solid surfaces have different environmental characteristics from aqueous systems, not
only because of the differences in physicochemical factors, but also because of the
unique environment that is created through the development of the biofilm itself. The
adsorption of macromolecular compounds and attachment of individual bacteria are only
the first stages in biofilm development. This is followed by the growth of bacteria (if
nutrients are sufficient), development of microcolonies, recruitment of additional
attaching bacteria, and often colonization by other organisms, e.g., microalgae,
macroalgae, invertebrates. As the bacteria grow, extracellular polymers are produced
and accumulated, so that the bacteria are eventually embedded in a highly hydrated
polymeric matrix. This polymeric material is largely polysaccharide, and, to a certain
extent, acts as a gel diffusion barrier (Costerton et al., 1985). The biofilm bacteria are
consequently immobilized and, thus, dependent upon substrate flux from the adjacent
liquid phase and/or exchange of nutrients with their neighbors in the biofilm.

Little is known about the way in which the local environment of the bacterium is
modulated by its surrounding biofilm polymer. However, it is possible to speculate
about these effects, on the basis of an understanding of polysaccharide chemistry. For
example, such hygroscopic polymers could influence water activity, particularly in
desiccating conditions (Mugnier and Jung, 1985; McEldowney and Fletcher, 1988). This
in turn could influence various types of cellular activity, such as production of diacetyl
by lactobacilli, accumulation of glycerol by Dunaliella spp. or of amino acids by various
non-halophilic bacteria, and ethanol production by Saccharomyces cerevisiae (Mattiasson
and Hahn-Hagerdal, 1982). Surfaces have also been found to protect bacteria from
desiccation (Bushby and Marshall, 1977; McEldowney and Fletcher, 1988). This could
be due to water retention by the bacterial polymers or by the surfaces themselves, such as
occurs with clays (Bushby and Marshall, 1977).

An extremely important feature of the biofilm environment is that the
microorganisms are immobilized in relatively close proximity to one another. Moreover,
additional organisms, e.g., macroalgae, invertebrates, may be located within or on top of
the biofilm matrix. Specific functional types of organisms may, through their activities,
create conditions that favor other, complementary functional types. This would lead to
the establishment of spatially separated, but interactive, functional groups of bacteria,
which exchange metabolites at group boundaries. Such spatial segregation and
functional complementarity is a feature of a number of environments. Examples are the
stratification of anaerobes that occurs in aquatic sediments (Nedwell and Gray, 1987) or
of phototrophs in algal mats (Ward et al., 1987).
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Genetic exchange among organisms may also be favored in biofilms, as compared
with aqueous phases. Plasmids encoding mercury resistance were transferred between
bacteria in biofilms (Bale et al., 1987; Rochelle et al., 1989), and DNA transformation of
Bacillus subtilis was found to be enhanced on the surfaces of sand grains (Lorenz et al.,
1988).

3. Laboratory Investigations

There have been numerous laboratory studies addressing the influence of solid surfaces
on the physiology of attached bacteria. Different types of metabolic activity have been
measured, including assimilation of substrates, e.g., sugars (Fletcher, 1986), amino acids
(Bright and Fletcher, 1983a,b; Dashman and Stotzky, 1986), and organic or fatty acids
(Kjelleberg et al., 1982) and respiration of carbon substrates (Bright and Fletcher, 1983b;
Stotzky, 1966a,b). Other ways of measuring activity have been determination of heat
production by microcalorimetry (Gordon et al. 1983), and changes in intracellular
components, e.g., internal organic phosphorus and sugar, measured by nuclear magnetic
resonance (NMR )(Galazzo et al., 1987) or intracellular NADH, measured by
fluorescence spectrophotometry (Doran and Bailey, 1987). Results from these diverse
types of measurements have demonstrated that not only can the physiological activity of
bacteria in biofilms differ from that of suspended cells, but also these differences in
activity are expressed in a variety of ways. Moreover, it is not possible to generalize
about the influence of surfaces on activity. In many cases, the effect appears to be
favorable, e.g., increase in growth, substrate utilization, whereas in other cases, the
opposite effect, or no effect, is observed.

4. Responses of Biofilm Bacteria to Ambient Conditions

Bacteria often respond to environmental factors or stimuli through changes in
physiological processes or morphology. In some cases, the degree or nature of such
responses has been found to be different for attached and freely suspended bacteria. For
example, the growth and nitrite oxidation activity of Nitrobacter spp. on surfaces were
monitored to evaluate the influence of pH changes on the bacteria. The specific growth
rate of attached cells was higher than that of nonattached bacteria, and attached cells also
exhibited less response to changes in pH value in continuous culture (Keen and Prosser,
1987).

Certain types of bacterial responses to stimuli appear to be expressed only on
surfaces. For example, organized intercellular responses of particular types of bacteria
have been observed on agar surfaces. With Escherichia coli growing on agar, during
microcolony formation, the bacteria formed close side-by-side alignments, either through
abrupt movements or asymmetric cell elongation (Shapiro and Hsu, 1989). Similarly,
during cell division of Pseudomonas fluorescens on surfaces, the two daughter cells were
observed to move apart laterally and then slide next to one another (Lawrence et al.,
1987), in a manner similar to that observed with E. coli (Shapiro and Hsu, 1989).
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Another type of bacterial behavior restricted to surfaces is the swarming motility
of Vibrio and Proteus species. With V. parahaemolyticus, changes associated with
swarming are the production of 100-1000 lateral flagella and cell elongation, resulting in
cells 30-40 um long. The lateral flagella enable the cells to translocate across the
surface.

In an elegant study utilizing /ux (denoting luminescence) gene fusions (Silverman
et al., 1984; Belas et al., 1986), it was determined that the expression of the lateral
flagella gene (/af) was stimulated not only by proximity of the solid surface, but also by
increase in medium viscosity (Belas et al., 1986). Apparently, interference with motion
of the single polar flagellum, which is characteristic of freely swimming cells, either by
association with a solid surface or increase in medium viscosity, is recognized by the cell
and translated into synthesis of lateral flagella.

5. Bacterial Survival in Biofilms

Bacteria in biofilms often appear to be protected from surrounding pertubations, and their
survival may, in fact, be enhanced in biofilms, in comparison to the liquid phase. Such
protection is particularly important in clinical situations, where biofilm bacteria are less
sensitive to antibiotic treatment than free bacteria (Anwar et al., 1989; Gristina et al.,
1989). Bacteria in biofilms have also been found to be more resistant to biocides, such as
substituted phenols, biguanides, quaternary ammonium compounds (Gilbert and Brown,
1978, 1980) and chlorinated compounds (Herson et al., 1987; LeChevallier et al., 1988).

Two possible explanations have been provided for this enhanced resistance
exhibited by biofilm bacteria. First, the bacteria may be protected, to some extent, by the
intercellular polymeric matrix, which may retard diffusion of antibiotics or biocides to
any depth (Costerton et al., 1985). Second, bacteria on surfaces are physiologically
different from free bacteria, and they may be relatively inactive when embedded in
biofilms (Brown et al., 1988). The microenvironment within the biofilm is substantially
different from that in the aqueous phase, and one result of this might be the observed
decrease in bacterial activity (Brown et al., 1988), as well as resistance. Specific
bacterial components that could be modified by ambient conditions, such as those
existing within a biofilm, include outer-membrane proteins (Griffiths et al., 1983), such
as porins (Lugtenberg and van Alphen, 1983), lipopolysaccharides (Dean et al., 1977),
outer-membrane phospholipids (Minnikin et al., 1974; Cozens and Brown, 1983), and
cation content (Kenward et al., 1979). Such modifications could affect antibiotic
sensitivity. Moreover, some antibiotics (e.g., B-lactams) are active only with growing
cells, and thus would not be effective with slow- or non-growing bacteria in biofilms
(Tuomanen et al., 1986).

6. Biofilms in Natural Environments
6.1. BACTERIA ASSOCIATED WITH PARTICLES

There is considerable interest in the activity of bacteria associated with suspended
particles in aquatic environments, particularly coastal regions, because of their potential
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role in the breakdown of particulate detritus. Such particles include resuspended
sediment (Ducklow et al., 1982), dead and senescent phytoplankton and zooplankton, and
coagulated organic material (Kepkay and Johnson, 1988). The activity of particle-
associated bacteria has been measured in a variety of ways, including determination of
respiration (Harvey and Young, 1980); assimilation of radiolabelled substrates (Hodson
et al., 1981; Kirchman and Mitchell, 1982; Hollibaugh and Azam, 1983), including
tritiated thymidine (Kirchman, 1983; Edwards and Meyer, 1986), frequency of dividing
cells (Pedros-Alio and Brock, 1983), and extracellular enzyme activity (Hoppe et al.,
1983; Vives-Rego et al., 1985).

Frequently, activity has been found to be largely associated with the particle
fraction (Harvey and Young, 1980; Kirchman and Mitchell, 1982; Hollibaugh and Azam,
1983; Vives-Rego et al., 1985; Edwards and Meyer, 1986). Activity of attached bacteria
has often exceeded that of suspended bacteria on a per-cell basis (Hodson et al., 1981;
Kirchman and Mitchell, 1982; Paerl and Merkel, 1982; Iriberri et al., 1987; Simon,
1988). However, on a per-volume basis, activity of particle-associated and free cells may
often be similar, because of the tendency for attached cells to have larger volumes
(Hodson et al., 1981).

Other investigations determined that activities of particle-associated and free cells
were similar (Iriberri et al., 1990), or dependent upon the method used to measure
activity. For example, with heterotrophic bacteria from Lake Mendota, Wisconsin,
attached bacteria assimilated more acetate than free cells, whereas free bacteria
assimilated more sulfate (Pedros-Alio and Brock, 1983).

6.2. BIOFILMS ON SUBMERGED SURFACES

Bacteria that occur on submerged solid surfaces play an important role in community
dynamics, biofouling, and microbially induced corrosion (Hamilton, 1985). These are
complex communities, and are likely to foster numerous synergistic, mutualistic,
competitive, and antagonistic interactions among their members. Microalgae and
cyanobacteria will occur where light is available, and in oligotrophic environments,
heterotrophic bacterial activity may be considerably dependent upon photosynthetic
activity in the biofilm (Geesey et al., 1978; Haack and McFeters, 1982; Lock and Ford,
1985). In more nutrient-rich systems, biofilm build-up is largely due to heterotrophic
activities.

The organic components in water may have a complex influence on biofilm
physiology. Microcalorimetry was used to evaluate the activity of river bacteria, and it
was found that bacterial activity was stimulated by removal of the organic fraction with a
molecular weight greater than 1000 (Lock and Ford, 1986). This fraction appeared to
inhibit activity of both heterotrophic biofilm bacteria and biofilm communities with both
heterotrophs and autotrophs.

Because biofilm communities tend to be complex, both taxomically and
functionally, there is considerable potential for synergistic interactions among the
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constituent organisms. Thus, there is the fostering of the development of homeostatic
mechanisms that could protect the bacteria from outside perturbations. Such balancing
mechanisms would be extremely important in natural communities that are exposed to
disturbances such as pollution from industrial, agricultural, and domestic sources. A
kinetic analysis of degradation of sodium dodecyl sulfate by biofilm and planktonic
communities provided evidence of such stabilization in biofilms (Anderson et al., 1990).
The biofilm activity fluctuated less that that of planktonic populations when exposed to
different temperatures or water compositons.

7. Conclusions

The physiological activities of biofilm bacteria frequently differ from those of freely
suspended cells. In part, this is due to the influence of hydrodynamic factors, e.g., flow,
mass transfer, and physicochemical characteristics of the solid-liquid interface, e.g.,
adsorption of substrates. However, the reasons for altered physiological activity in
biofilms are clearly complex and involve the architectural and chemical complexity of
the biofilm structure. The intercellular polymeric matrix allows the development of a
multicellular structure that is not unlike a tissue. This fosters the development of
synergistic interactions among organisms and homeostatic mechanisms that help to
preserve the overall community. It is also possible that, in some cases, intracellular
homeostatic mechanisms are more effective for cells on surfaces. Evidence for such
stability has been provided by both laboratory (Doran and Bailey, 1987; Keen and
Prosser, 1988) and in situ (Anderson et al., 1990) studies. Furthering our knowledge of
the underlying mechanisms of biofilm metabolism and homeostasis will enhance our
abilities to facilitate preservation of natural communities that are stressed with pollution
and to deal effectively with hazardous biofilms, such as those in clinical settings.
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1. Introduction

Three zones can be roughly distinguished in biofilms: (i) the primary layer of cells which are in
contact with the solid substratum; (if) the bulk of the biofilm; (iii) the surface layer of cells which
are in direct contact with the liquid phase. The activity of the cells in each one of these zones will
be affected to different degrees by mass transfer limitations, by physico-chemical interactions with
the support, or by shear forces exerted by the liquid medium.

Surfaces may affect attached cells through a number of mechanisms. Solid surfaces may
trigger an internal physiological response that will affect cell morphology (Silverman et al., 1984)
and behaviour (Burchard, 1981). Surfaces and mass transfer limitations due to confinement
create an environment where local concentrations of ions, small molecules or polymers are
different from the concentrations in the bulk of the solution; the chemical species concerned may
be substrates for the cells or toxic agents.

Contradictory reports can be found in the literature regarding the physiological activity of
bacteria attached to solid surfaces as compared to bacteria freely suspended in the bulk aqueous
phase (Durand and Navarro 1978; Ellwood et al., 1982; Klein and Ziehr, 1990; Van Loosdrecht e
al., 1990). This is partly due to the variability in the systems under investigation: the type of
organisms and the measured parameter. The criterion used by different authors for "activity" is
sometimes growth rate, half-life time, oxygen consumption, glucose consumption, CO release,
ethanol (or other metabolite) production, a specific enzymatic activity, ex. Results are also
expressed in various ways.

Morisaki (1983) showed that while the respiratory activity (O9 uptake rate) of E. coli was
enhanced in presence of hydrophobic solid particles, the uptake rate of the substrate (glucose) was
depressed. He noted that, in his experimental conditions (absence of nitrogen), no cell growth
could occur; therefore all the glucose consumed was used via respiration and production of ATP
for maintenance. The situation could be different under conditions allowing cellular growth where
glucose would be oxidized only partly and intermediate metabolites would be used as building
material. Mattiasson and Hahn-Hagerdal (1982) also suggested that the micro-environment of
immobilized cells may favour maintenance metabolism at the expenses of cell growth.

The aim of this chapter is to recall and discuss a few examples reported in the literature, rather
than to give an extensive up to date review of the subject. The reader is referred to the recent
reviews of Klein and Ziehr (1990) and Van Loosdrecht et al. (1990).
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2. Solid Surfaces Triggering Physiological Response

A given species has genetic information for a large repertoire of properties; the encounter between
a population of these bacteria and a particular surface, may influence the expression of the genetic
information. Thus the production of microfibrils by Rhizobium and Agrobacterium appears to be
a response to a signal resulting from the interactions between the bacteria and a plant surface
(Dazzo, 1984).

The essence of responsive control is information processing, whereby the bacterium senses
some signal in the environment and responds accordingly. The bacterium can indirectly perceive
where it is by sensing temperature, osmotic conditions, or metabolites, but one may wonder
whether a micro-organism can sense a surface as such? With higher organisms the direct
interaction of the cell membrane with a surface influences division and differentiation, but it is not
clear that cell membrane processes in microbial cells can be modified by elastic deformation of the
cell envelope, or that micro-organisms such as bacteria can sense and respond to direct contact
between their cell envelope and a surface. Karel ez al. (1990) mentioned that contact with foreign
surfaces may be sensed by membrane receptors that respond to the physical state of the cell
envelope, such as local loss of tension in the cell wall; a prototype for such receptor would be the
EnvZ protein that modulates osmotic responses. One has to distinguish between "variable
control", meaning that an effect is produced by a subset of a heterogeneous population that takes
over in certain conditions, and "response control", meaning physiological change triggered by an
external signal.

Dagostino et al. (1991) attempted to demonstrate the range of physiological responses in
bacteria attached to surfaces and tried to determine whether the "switching-on" of some genes is a
direct response to the physical presence of a solid. They employed transposon mutagenesis to
insert a marker gene from Escherichia coli into Deleya marina or Pseudomonas recipients and
managed to select transconjugates in which the marker gene (lacZ) was expressed by the bacteria
on a polystyrene surface, but not in liquid or on agar surface. The mechanism of this "switching-
on" effect has not yet been elucidated.

2.1. APPENDAGES

Silverman et al. (1984) described the behaviour of Vibrio parahaemolyticus . This bacterium
produces a single, polar sheathed flagellum in liquid media, but numerous, lateral non-sheathed
flagella on agar. It is clear that a new appendage is produced after growth in contact with a
surface, but the question whether the bacterium actually possesses a tactile sense remains to be
solved. A genetic analysis of the lateral flagella system has been carried out in order to explore the
sensory aspect of surface perception which triggers the structural change. Transposon
mutagenesis and recombinant DNA methods provided sensitive, direct, and convenient means to
measure expression of lateral flagella genes. It was found that the surface-dependent turn-on of
lateral flagella gene expression did not occur immediately, as might be expected if these bacteria
were to have tactile sense. Instead, 60 to 90 min elapsed before transcription began. This was
interpreted as meaning that the cells must have time to synthesize and accumulate some compound
which acts as signal for initiation of transcription of the lateral flagella gene (see also
Fletcher,1992).

Hall and Creig (1983) described a similar situation for Azospirillum brasilense which
possesses a single polar flagellum and also numerous thinner lateral flagella. Studies of mutants
lacking either polar or lateral flagella, showed that the former is responsible for swimming motility
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in liquid media, and the latter are responsible for swarming on semi-solid media. A solid surface
is required for production of the lateral flagella. Swarming was dependent on the degree of
hardness of the supporting gel: it occurred optimally at agar concentrations ranging from 0.40% to
0.75%; an incubation at 30°C, on a 0.75% gel, led to a greater degree of swarming than at 37°C,
on the same agar. The interpretation was that the signal felt by the bacterium is the increased
viscosity that restricts the movement of the polar flagellum. Chemical agents such as
ethylenediamine tetraacetic acid, p-nitrophenyl glycerol, sodium deoxycholate and sodium
taurocholate did not inhibit lateral flagella formation, but could inhibit swarming, while NaCl and
Na 2S04 inhibited both formation of lateral flagella and swarming,

2.2. DWARFTING

Starvation of certain marine bacteria leads to the formation of small cells with a greater survival
and adhesive capacities. Kjelleberg et al. (1982, 1983) and Humphrey and Marshall (1984)
studied the starvation induced response of Vibrio DW1 and the activity of the bacteria in the liquid
phase and at the solid/liquid interface. The presence of a solid surface has been shown to induce
several responses in the absence of an energy substrate. Cell size reduction, which occurred in the
initial period of starvation, was more marked at the solid/liquid interface than in the liquid phase.
The metabolic activity taking place during this dwarfting phase, and detected by oxygen uptake
and heat production, was higher for the surface-associated cells than for the cells at the liquid
phase. The small starved bacteria did not grow in the liquid phase nor at the liquid/solid interface;
addition of a nutrient rich broth led to a quick return to normal size, motility and division only if a
surface was present. The authors suggested that the dwarfting response of these cells at interfaces
may be important for survival under conditions of nutritional limitation. It was postulated that the
surface triggered a burst of activities during which starving cells reorganized their morphology to
an optimal surviving configuration (highest surface /volume ratio) and consumed endogenous
substrates in the process. ’

2.3. GLIDING

Gliding motility is found in several diverse genera of bacteria. The gliding cell remains in contact
with a surface but undergoes translational motion. According to Burchard (1981), no wringgling,
contraction or peristaltic alterations are visible during the translocation along solid bodies. Gliding
movements are not always regular, but intermittent and hesitant, with frequent changes of
direction; they may be random or oriented. No obvious locomotory organelles could be related to
the phenomenon, but association with a surface is considered a requisite. Most gliders have in
common a Gram-negative type cell envelope. They can move as individual cells or in multicellular
configuration. The velocity of gliding movement varies widely among the species (1-2 um/min for
Myxococcus; 600 pm/min for Oscillatoria). The velocity of gliders is affected by moisture level,
temperature, nature of the substratum, and association with other bacteria. Among the various
mechanisms which have been proposed to explain the gliding motility are osmotic forces, surface
tension phenomena, slime secretion, contractile waves. The movement may be oriented by
physical, chemical and biological factors which may be beneficial to the glider. Gliding bacteria
etch agar surfaces, leaving trails. When a glider encounters at a low angle a groove previously
etched in agar by another glider, it tends to follow the groove and glide in it at greater velocity.
Humphrey et al. (1979) attributed gliding of Flexibacter to the secretion of a viscous
glycoproteinic slime by the bacteria. The slime facilitates translational motion; however, it
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prevents separation of the cell from the substratum, because the work against viscosity required
for such a separation would be too high.

It was suggested that the nature of the substratum is a key factor in the adhesion and motility
of gliding bacteria. Since a variety of such bacteria adhere tenaciously to hydrophobic substrata
and weakly to hydrophilic surfaces, Sorongon et al. (1991) proposed that their adhesion involves,
at least in part, hydrophobic interactions. They studied the hydrophobicity of the surfaces of
several gliding bacteria and several adhesion-defective mutants and revertants. Attempts were
made to correlate the results with adhesion to a moderately hydrophobic substratum and with
changes in arrays of proteins exposed at the cell surface, but no conclusive correlations could be
demonstrated.

3. The Micro-environment at Close Proximity of Surfaces

3.1. INTERFACE AS A POOL OF NUTRIENTS

Adsorption of molecules or ions leads to higher concentrations at the solid/liquid interface as
compared to the liquid phase. The solid/liquid interface in a natural environment was described by
a few authors as a pool of nutrients. Adhesion of starved bacteria and scavenging of adsorbed
nutrients appears thus as a survival mechanism in natural environment (Kjelleberg et al., 1983;
Kefford et al., 1986). Organic compounds adsorbed at surfaces are considered to serve as a
concentrated source of nutrients. This may be crucial in nature where the liquid phase is
nutritionally poor. In man-made situations (bioreactors with immobilized cells, waste water
treatment plants, laboratory experiments) the liquid medium is generally rather rich in nutrient and
adsorption of the substrate by a surface does not improve its availability for the attached cells (see
also Fletcher, 1992).

The adsorbed phase may thus act as a reservoir of nutrients. However, if it is in
thermodynamic equilibrium with the solution phase, then the chemical potential of ions and
molecules is the same in both phases. Therefore, the driving force determining their tendency to
be involved in a chemical reaction or in a physico-chemical process is also the same.

Direct transfer may occur between the adsorbed layer and the fraction of the cell surface which
is in close contact with the substratum surface. Nevertheless, one must keep in mind real
dimensions (Rouxhet and Mozes, 1990). Due to the rounded shape of the micro-organism, only a
very small fraction of the cell surface is in direct contact with the support surface. The thickness
of the layer of small adsorbed molecules may be of the order of 1 nm while the cell diameter is of
the order of 1 um. Therefore, unless the cell spreads on the surface, which occurs for animal but
not for microbial cells, most of the cell surface is exposed to the bulk solution.

The amount of substance adsorbed on the surface covered by a microbial cell is very small
compared to the metabolic needs of the cell (Rouxhet and Mozes, 1990). Consider a 1 nm thick
layer (the approximate length of a disaccharide) of a compound with a molecular weight of 100
g.mol-1 and a specific weight of 1 g.cm -3. If the attached cell covers a surface of 1 pm2 and is
characterized by a specific uptake rate of 10-18 mol.cell-1.s-1, which is in the range reported for
oxygen consumption by bacteria, the amount of substrate adsorbed on the area of the surface
occupied by the cell will be consumed within 10 seconds. The more or less direct transfer
between a non-porous support and an attached cell is thus expected to be of marginal importance,
unless the uptake is very slow, or the substrate is a macromolecule forming a thick adsorbed layer.
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A similar point was made by Ellwood et al. (1982) who summarized literature observations
suggesting that surfaces have, intrinsically, a positive influence on the growth of microorganisms.
They added their own results, obtained in chemostat enrichment studies: faster growth and a more
variable population were observed at the surface. This indicated that the solid surface provided an
environment niche different from that in free fluid culture. The authors rejected the generally
accepted explanation of surface-enhanced growth by an increased concentration of a limiting
nutrient at the surface. Their argument was that the increased concentration of the limiting
substrate would be soon consumed, unless its mass transfer from the bulk phase to the solid/liquid
interface was continuous and rapid. They proposed an alternative interpretation based on the
Mitchell chemiosmotic theory. Protons expelled by a cell into the aqueous phase are free to diffuse
away, whereas for a cell near the substratum surface protons accumulate at the side of the cell
facing the substratum. These accumulating protons alter the proton motive force across the plasma
membrane of the bacterium. The authors speculated that it is energetically advantageous for
organisms to be attached to, and to interact with, a surface, hence the increased metabolic activity
associated with growth at surfaces. This kind of explanation is typically an indirect effect of the
surface.

3.2. INFLUENCE OF SURFACE ELECTRIC POTENTIAL

Consider a negatively charged surface with an electric potential y4. According to the diffuse
double layer theory the potential exerted in the solution decreases as a function of the distance,x,
from the surface following :

V=Yg exp(-kx) )

where x-! is often called the "thickness" of the diffuse double layer. The existence of potential
at a given spot modifies the distribution of ion activities (M) ’

M)s = (M)1 exp(-z Fy/RT) @

where subscripts 1 and s designate the liquid phase and the spot considered near the surface,
respectively; z, F, R and T are the charge of ion M, the Faraday constant, the gas constant and the
absolute temperature, respectively. It turns out that the pH in the vicinity of a negative surface is
lower than in the free solution.

An increase of pH optimum was observed (Hattori and Furusaka, 1960; Hattori and Hattori,
1987) for the oxidation of various substrates by bacteria attached to Dowex 1 particles, compared
to free cells (Figure 1, left). As the support surface was positively charged, one proposed
explanation was that accumulation of negatively charged cells produced a negative electric potential
in their environment, the local pH being smaller than the pH measured in the free solution.

Electrostatic interactions and local pH effects should be considered with caution, taking the
two following remarks into consideration.

1- Although the pH may be different near a surface, as compared with the free solution, the molar
free enthalpy G, i.e. the tendency of proton to react, is the same in the surface phase and in the
solution when they are at equilibrium :

Gs = W°+RTIn(HY)g+Fy/RT = G] = L °+RTIn(H*)] 3)
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2- Although the proton reactivity is not modified, the "local pH" term may be taken as a loose
expression to mention the influence of a charged surface. However the "thickness" of the diffuse
double layer k1, which characterizes the rate of decrease of the potential vs. distance, is about 10
nm at an jonic strength of 10-3 and varies inversely with the square root of the ionic strength.
Figure 2 shows that the potential exerted by a flat surface may only affect a small fraction of the
cell volume or surface.
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Figure 1. Oxidation of succinate by free (®) and immobilized (a) Escherichia coli : left, relative activity
obtained by normalization of each set of data; right, absolute activity in 10-15 LO,.cell-Lh-1
(Hattori and Hattori, 1987).

In fact a shift of pH optimum as a result of immobilization of micro-organisms (or enzymes)
must be considered critically when it is based on different sets of data, which may differ
appreciably but are normalized by taking the highest value of each set as 100 %. Figure 1 shows
indeed that the main line of interpretation may be very different depending on whether relative or
absolute activities are taken into consideration. When the latter are used, the striking point is the
lower activity of immobilized cells, compared to free cells. This may be attributed to diffusion
limitations, and further discussion of the influence of surface potential is then not justified.

[ tem

«'=~10nm
Figure 2. Schematic representation of a microbial cell attached to a surface which develops a diffuse double
layer about 10 nm thick; note differences of scale.

In conclusion, while the surface electric potential of a support plays an important role for cell
attachment (Rouxhet et al., 1987; Mozes et al., 1987, Mozes and Rouxhet, 1992), it is not
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expected to influence greatly the cell activity. Note that the situation is very different when
polyelectrolytes are brought in contact with cells; polycations such as chitosan can for instance
penetrate the yeast cell wall and alter the membrane, giving rise to cell permeabilization
(Champluvier et al., 1988). The case in which the cells would be coated by a dense layer of inert
but charged colloidal particles represents an intermediate situation.

3.3. SURFACE AND SHEAR FORCES

Hydrodynamic stresses exerted by the liquid may influence activity of individual cells or behaviour
of a whole population of cells (such as a biofilm). Asther et al. (1990) investigated the
basidiomycete Phanerochaete chrysosporium in view of production of a lignin peroxidase. The
presence of certain supports (polypropylene rings, polyurethane foam cubes) led to an increased
mycelium production, most of which was immobilized, and to an increased enzyme yield. Cell
protection from the agitation seems to be responsible for the improved cell growth. However, the
specific enzyme production (amount of enzyme produced per unit biomass) was lower for
immobilized mycelium, as compared with pellets in suspension; this could possibly be due to
limitation of oxygen supply to the immobilized cells.

3.4. INTERFACE AS A SPECIFIC ENVIRONMENT

Exopolymers produced by suspended bacteria may dissolve in water. However, the same
macromolecules produced by bacteria at a solid surface may adsorb there. This will consolidate
the bacterial adhesion and create a specific micro-environment. Water activity, viscosity,
concentrations of low molecular weight solutes, diffusion rates, ezc. will be changed within the
gel-like matrix, and, as a consequence, the cell physiology will be affected. Thus the cellular
activity of adherent bacteria will be influenced indirecly by the surface to which they adhere.
Retention of water by polysaccharides may also protect bacteria from desiccation.

4. Other Factors Influencing the Activity of Immobilized Cells

Immobilization may influence the physiological state and the performance of cells through a
number of parameters which may act in opposite directions. The confinement inherent to cell
immobilization is such that the real environment of the biocatalyst (the micro-environment) is
different from the bulk, or circulating, solution (the macro-environment), the composition of
which is easily monitored and controlled. The literature is rich with conflicting reports concerning
the effects of immobilization on microbial activity: increased activity (Navarro and Durand, 1977;
Fletcher, 1986), decreased activity (Morikawa et al., 1979), unchanged activity (Mozes and
Rouxhet, 1984, 1985; Champluvier et al., 1988), change of the ratio between structural and
storage carbohydrates (Doran and Bailey, 1986), shift of optimal pH (Hattori and Furusaka,
1960), inhibition of cell division (Lindsy and Yeoman, 1984), increased plasmid stability and
morphological modifications (Barbotin et al., 1990). Most, if not all, of these examples represent
actually indirect effects.

In the cases of immobilization in polymer beads, granules, or biofilms, the diffusion
dependent mass transfer may be a limiting factor. For yeast cells entrapped in a silica hydrogel,
calculations based on oxygen solubility and on its rate of uptake by the cells, indicate that only
about ten cellular layers are active (Rouxhet et al., 1981). Wheatley and Philips (1983) have
shown the influence of internal and external diffusional limitations on the kinetics of Alcaligenese
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faecalis cells immobilized in polyacrylamide gel. In the case of adhesion to a support as a
monolayer, the convective mass transfer is much more efficient and no limitations are expected,
such a system is suitable for studying the direct influence of the carrier surface on the cell activity.

4.1. INFLUENCE OF PROCEDURES USED FOR HANDLING CELLS

The conversion of glucose to ethanol by Saccharomyces cerevisiae immobilized by adhesion as a
monolayer to glass plates was described by Mozes and Rouxhet (1985). Table 1 summarizes the
initial rates of ethanol production for the immobilized cells and for the controls corresponding to
the various treatments applied in order to promote adhesion. It shows that the activity of yeast
immobilized after treatment with cations was lower than that of free non-treated cells. However,
the loss of activity occurred mostly as a result of the pretreatment (low pH, contact with cations)
and only to a limited extent as a result of immobilization. The activity of the cells immobilized on
glass coated by colloidal particles was only 25% lower than that measured on non-treated free
cells. Comparison between immobilized pretreated yeast and yeast attached directly to coated
glass indicates that the decrease in activity is mainly due to handling the cells in physiologically
unsuitable solutions. There is no significant evidence that cell fixation to the support, as such,
influences their activity.

Table 1: Saccharomyces cerevisiae immobilized by adhesion as a monolayer to glass plates
(Mozes and Rouxhet, 1985).

Means of Initial ethanol production rate (10-17 mol cell-! s-1)
achieving - Immobilized Free cells
cells
a monolayer not treated treated by M+ treated by HNO3
- - 1.92 - -
cells pretreated by
A3+ at pH 4 1.11 - 1.24 1.69
cells pretreated by
Fe3+ at pH 3 0.97 - 1.22 147
support coated by
Al(OH)3 142 . i :
support coated by
FepO3 1.39 - - -

4.2. TOXICITY OF SUBSTANCES RELEASED BY THE CARRIER

Figure 3 demonstrates the results of control experiments for pretreatment of yeast by Al13+ jons,
which were carried out in order to test the toxicity of the cation (Rouxhet and Mozes, 1990). Loss
of activity was moderate in the concentration range tested.

Pretreatment of yeast cells by colloidal particles of aluminium hydroxide (alumina), which had
an amorphous character (Kayem and Rouxhet, 1983), led to flocculation and caused a lower
production of ethanol (lower right corner of Figure 3); however, crystaline y-AIOOH (Boehmite)
did not affect the yeast activity (Mozes and Rouxhet, 1991). The metabolizing cells excrete
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protons and, at pH 4, the solubility of AI(OH)3 is already 2 10-2M. The low activity of cells
treated by amorphous alumina, may thus be the result of high local concentration of A13+ jons.
The crystaline boehmite is probably less susceptible to dissolution at low pH, compared to
amorphous alumina.
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Figure 3. Relative variation of the rate of ethanol production by Saccharomyces cerevisiae suspension (5
g/L glucose in distilled water) as a function of the aluminium ions concentration to which the
cells were exposed (cell suspension in AI(NOj3)3 solution set at pH 4 by HNOs, stirred for 1 h;
cells centrifuged and washed by distilled water); the different signs are related to different sets of
experiments. The rectangle indicated by the arrow in the lower right corner shows the range of
activity measured when the cells are treated by A1(OH)3 particles in distilled water (Rouxhet and
Mozes, 1990).

The ethanol produced by Saccharomyces cerevisiae cells adhering to polystyrene (PS) grafted
with amines was studied (Rouxhet and Mozes, 1990; Mozes and Rouxhet, 1991). It seemed that
the tri-ethanolamine grafted PS had no, or only minor, influence on the ethanol production, while
the yeast immobilized on tri-ethylamine grafted PS suffered severe reduction of activity. As a
control, the effect of the free amines on the activity of freely suspended cells was also monitored.
The production rates are given in Table 2 which includes also the initial and final pH of the tests
with suspended cells. Itis clear that the tri-ethylamine is toxic and the loss of activity of the cells
attached to PS grafted with tri-ethylamine may be attributed to the toxicity of free amine released
by the polymer. Surface analysis of the latter indicated that up to 30% of tri-ethylamine present in
the polymer might be retained physically and not bound covalently. The total release of this
amount into the solution used for testing the activity would give a concentration of about 0.03M
tri-ethylamine. The severe loss of activity observed upon immobilization might be due to the
existence of even higher concentration of the amine (progressively released into the solution) near
the surface of the polymer which is the yeast micro-environment.

5. Conclusion

Mass transfer limitations are of prime importance for understanding the influence of
immobilization on microbial cells, not only when the cells are immobilized in polymer beads,
granules or biofilms, but also when particles, carrying cells attached on their surface, are piled up.
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Table 2: Saccharomyces cerevisiae immobilized by adhesion to amine grafted polystyrene or
suspended in the indicated solution (Rouxhet and Mozes, 1990).

Initial ethanol production rate pH
(10717 mol cell -1 s-1) initial final
Immobilized cells
PS grafted by :
Triethanolamine 2.0
Triethylamine 0.1
Free cells
suspension containing :
no additive 2.3 4.1 34
NaOH 2.2 7.1 6.7
Triethanolamine (0.14M) 2.0 6.5 6.2
Triethylamine (0.03M) 1.1 59 5.5
Triethylamine (0.14M) 0 8.1 8.0

A carrier surface may release substances, eventually toxic, which are present in high
concentrations in the cell micro-environment. The electric potential exerted by a charged support
and responsible for a particular pH in the close vicinity of its surface is not expected to affect the
activity of a microbial cell, the dimension of which is much larger than the thickness of the diffuse
double layer. The vicinity of a surface may protect a micro-organism from shear forces.
Adsorption of a nutrient by a solid carrier decreases its concentration in the solution to which the
cells are exposed. On the other hand, direct transfer of the nutrient accumulated at the surface to
the cell should be of negligible importance. The beneficial influence of a surface acting as a
nutrient reservoir seems to be restricted to specific situations, for example starving conditions.
The influence of a surface on production of cell appendages by certain bacteria is an example of a
direct surface effect, which might act through local restriction of movement.
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1. Introduction

Many of those who study biofilms view them as a collection of living organisms at an
interface but this definition should be expanded to include the products of those
organisms. A major product is the matrix in which biofilm cells are found. It is
somewhat surprising that there is such an emphasis on the biotic component of the film
because this phase occupies only a small fraction of the volume (Characklis & Cooksey,
1983). It is often the biofilm matrix that causes many of the economic problems
associated with biofilm formation since it acts as a layer of immobilized water. It is in
fact highly hydrated and contains 98-99% water (Christensen and Characklis, 1990). This
matrix, which is really a collection of polymers rather than a single material, is made by
many organisms in biofilms. The polymers have been referred to collectively as capsules,
sheaths, slime and glycocalyces. Costerton et al (1981) proposed the term glycocalyx for
use in procaryotic biology. They defined a glycocalyx as "those polysaccharide-containing
structures of bacterial origin, lying outside the integral elements of the outer membrane
of Gram-negative cells and the peptidoglycan of Gram-positive cells". They further
subdivided glycocalyces into (1) glycoprotein subunits at the cell surface and (2) capsules.
"Capsules" were further subdivided into (a) those that are rigid and exclude particles such
as Indian ink ( a classical negative "stain" in bacteriology); (b) those, which in contrast
to (a), are flexible and include Indian ink; (c) integral capsules that are closely associated
with the cell surface and (d) those capsules that are peripheral to the cell and can be lost
to the aqueous phase. In a brief but comprehensive review (Geesey, 1982), Geesey used
a less structured term for the high molecular weight material extracellular to cells. He
referred simply to extracellular polymeric substances and included all types of cells, not
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just bacteria. Although not the first to use it, this review is largely responsible for the
general use of the term now universally abbreviated as EPS. Because of its ease of use
(e.g. it requires no knowledge of chemical structure), I believe the term EPS has come
to be regarded almost as a substance in its own right, rather than a collective term used
to describe a poorly-understood group of macromolecules, external to the cell and of
differing structure.

In this article I will use the term EPS as described by Geesey rather than by
Costerton, since I wish to include all organisms at surfaces. In 1983, Characklis &
Cooksey reviewed the role of EPS in biofilm formation and summarized their ideas
speculatively as follows: EPS "may (1) provide cohesive forces within the biofilm, (2)
adsorb nutrients, (3) protect immobilized cells from environmental changes, including the
influence of biocides, (4) adsorb heavy metals from the environment, (5) adsorb
particulate and other detritus, (6) serve as a means of intercellular communication within
the biofilm, (7) provide short-term energy storage via the cell membrane potential and
(8) enhance intercellular transfer of genetic material. Although a great deal of progress
has been made since, these thoughts, in some cases, must still be treated as speculation,
in spite of the research effort over the intervening years (e.g. Dahlem conferences, 1984,
1989).

Although many organisms in a climax biofilm contribute to the formation of EPS
(Marzalek et al, 1979) only those of bacteria and microalgae will be reviewed here.

2. Bacterial EPS
2.1. COMPOSITION

It should be mentioned at the outset that no component of the EPS known to be
implicated in the adhesive process has been comprehensively analyzed. Rather we have
a series of fragmented studies addressing only part of the problem.

As mentioned in the introduction, many workers have prepared a polysaccharide
material from the medium after the growth of bacterial cells. A procedure relying
heavily on dialysis to remove low M.W. growth medium components, followed by
ethanolic precipitation (80-90% v.v.) is usually used. There have rarely been attempts
to discover the number of macromolecules present. Yet in 1973 Fletcher & Floodgate
proposed the involvement of two polysaccharides in the adhesive process of Pseudomonas
strain NCMB 2021. The first of these was thought to be involved in the initial adhesion
and was presumed to exist on the surface of all cells. The second polymer was produced
subsequent to the adhesive event and possibly caused a firmer association with the
substratum. An alternative explanation is that the secondary polymer is produced only
by cells in the "resting phase" - a state sometimes applied to cells adhered in biofilms.
Cations, especially calcium, are important in maintaining the structure. Working with the
same organism, Christensen et al (1985) have published the most detailed information
to date on EPS conformation, but even this does not go as far as a primary structure for
the polymers found. These workers found that Pseudomonas strain NCMB 2021
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produces two very dissimilar polysaccharides. The first is produced only in the
logarithmic phase of growth and contains the sugars glucose, galactose, glucuronic acid
and galacturonic acid. It produces a viscous solution. The second polymer is produced
in the stationary phase and contains N-acetylglucosamine, 2-keto-3-deoxyoctulosonic acid
and an unidentified 6-deoxyhexose. A solution of this hydrophobic polymer is not viscous
and is soluble in 80% (v/v) ethanol. The production of this polymer is closely correlated
with the ability of the organism to attach to hydrophobic polystyrene. The polymers were
separated by chromatography on Sepharose CL-2B and DEAE-Sephadex. The acid
stability of each was different and this too allowed distinction to be made between them.
Even though very complete, the analyses accounted for only 71% of the starting material.
This may have been, the authors suggest, a problem with the hydrolysis of polymers
containing uronic acids. Such groups are known to stabilize glycosidic bonds in
carbohydrates and reduce the yield of hydrolytic products (Sharon, 1975).

As a result of NMR analysis, the authors thought that the stationary phase polymer
contained a trisaccharide repeating unit with 0.95 units of 0-acetyl groups per unit. This
polymer would not have been detected in any of the studies presented below since all
of them depend on a high concentration of an alcohol to precipitate the EPS prior to
analysis. Before leaving the work of Christensen et al, it is tempting to suggest that the
two polymers described were identical to those mentioned by Fletcher & Floodgate.
Uhlinger & White (1983) reported a variation in the galactose content of Pseudomonas
atlantica over the growth cycle. It is suggested that since they did not endeavor to
separate individual polymers from the EPS, it is likely that they were analyzing at least
two polymers whose individual concentrations in the medium were growth phase-
dependent.

Sutherland (1980) prepared polysaccharides from medium after the growth of
uncharacterized marine and freshwater bacteria. The EPS was precipitated with acetone
or isopropanol. The sugars found were mannose, glucose and galactose predominantly
with galacturonic and glucuronic acids. Usually only two sugars were present in one
preparation which was assumed to be a single polymer. Ford ez al (1991) used pyrolysis
mass spectrometry to survey a similar set of bacteria to those of Sutherland. Again, a
single polymer was assumed. The pyrolysis fragments found may be indicative of
differences between the polymers of individual species. Very little protein was found in
the polymers and only 27-45% carbohydrate, of which a small fraction was uronic acids.
The authors recognize that their technique at its present stage of development produces
only a "finger-print" analysis. However, if the finger-prints for the EPS of various
organisms are sufticiently distinct, the technique could be used in survey work. Only a
few micrograms of the polymer are needed.

Plude ef al (1991) also assumed that Microcystis flos-aquae formed only one kind of
EPS. The polymer, which was water-soluble, bound iron and calcium very strongly. Its
sugar components were very similar to those of higher plant pectin (galacturonic acid /
rhamnose / mannose / xylose / glucose / galactose = 43/3/3/2/1/1). The proportion of
galacturonate was extremely high for a microbial EPS. An interesting note in their paper
is that they used a sugar mixture to standardize the anthrone reaction for carbohydrate
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determination, not a single sugar as is more usual.

Humphrey et al (1979) grew a Flexibacter sp. on a dialysis membrane since no
detectible EPS was synthesized in suspended culture. The alcohol precipitated EPS was
comprised of glucose, fucose, galactose and some uronic acids. The most notable aspect
of this EPS was that it contained 30% protein. The polymer, which was highly
hydrophobic, was a glycoprotein. Humphrey et al note that Flexibacteria move by gliding
and thus need to adhere to a surface by Stefan, not a permanent type adhesive. Is this
reflected in the fact that this flexibacterial EPS is a glycoprotein, whereas more
permanent bacterial adhesives are acid polysaccharides?

The interest of Abu ef al (1991) in the EPS of Shewanella colwelliana stems from its
involvement in the settlement of oyster spat. The production of EPS was enhanced when
the organism was grown on the surface of a dialysis membrane (8000 M.W. cut off) lying
on marine agar. The ethanol precipitated EPS was found to have a broad peak on a gel
filtration column but multiple peaks on DEAE-cellulose. Gas chromatography-mass
spectrographic analysis (GCMS) showed the presence of a hydrocarbon component. No
hydrolytic sugar analysis was performed, but the semipurified polymer contained only 15-
35% carbohydrate of which a large fraction was glucose (GCMS).

The physical structure of EPS can be seen in the electron microscope, but only after
a dehydration step that causes considerable artefact. This is not surprising since EPS in
a film is 99% water. Attempts to overcome this have been made with polycationic heavy
metal stains such as ruthenium red. Even with ruthenium red staining EPS collapses, but
a least the condensed material can be seen. It is highly likely that ruthenium red will
stain acid proteoglycans and so should not be considered specific for acid polysaccharides
(Handley, 1991).

Costerton’s laboratory has long recommended the use of EPS-specific antibodies to
stabilize material dehydrated for both transmission and scanning electron microscopy.
Judging by the micrographs from this laboratory, the technique is very successful
(Costerton, 1986). Probably because of the time and effort required to prepare specific
antibodies, this technique is used by few laboratories, however.

In the last few years, workers in the field of EPS research have begun to question
whether the polymers prepared from media in which adhesive cells have grown are the
ones involved in adhesion. Further, they are questioning whether the polymer involved
in the initial adhesive event is identical to that found as the matrix in a mature single
species biofilm. Marshall er al (1989) designed physicochemical experiments to discern
whether two such polymers exist in Pseudomonas fluorescens. They used two light
microscope techniques. In the first of these, interference reflectance microscopy (IRM)
(Curtis, 1964), the image of a cell becomes darker as it approaches the substratum
(range of measurement = 0-100 nanometers). The second technique, light sectioning
microscopy (LSM) (Loeb, 1980) operates at a greater separation distance (10-1000
micrometers) and is capable of measuring total film thickness. An example of the initial
adhesive film was that elaborated by the organism immediately on attaching to a glass
cover slip; a three day old surface culture was used to exemplify a biofilm containing
matrix polymer. When viewed in the IRM or LSM, various agents caused contraction



141

(calcium or lanthanum ions) or expansion (Tween 20) of both the initial adhesive
polymer and the biofilm matrix polymer. There was a differential response with dimethyl
sulfoxide however (DMSO). The initial adhesive polymer contracted but the matrix
polymer was unaffected. In general, the two polymers appeared to be physicochemically
similar.

Allison & Sutherland (1987) also question whether the effort expended in determining
the properties of EPS isolated from media is misplaced. They measure total EPS
production with a specific carbohydrate binding dye (congo red) in two organisms. One
was a wild type, manufactured EPS, was adhesive and formed mucoid colonies. A
mutant that did not make EPS adhered as well as the wild-type organism, but it did not
make colonies. Thus Allison & Sutherland propose that the EPS formed by the wild-
type organism is involved in biofilm matrix formation, but not in the initial adhesion of
the cells.

Taking this argument one step further, Neu & Marshall (1991) suggest that the
material left behind when bacteria are removed from a surface is really the cellular
adhesive and it is on this polymer that we should concentrate our efforts. This has also
been proposed by Cooksey & Cooksey (1986). It follows that the EPS found in the
growth medium and that left behind as "footprints" should be compared.

2.2. SYNTHESIS

EPS synthesis is somewhat difficult to describe given the fact that more than one polymer
appears to be present and these are likely to have differing composition. The general
biochemistry of extracellular carbohydrate synthesis is reviewed by Sutherland (1982).
Other work that will not be considered here is that dependent on measurement of the
production of EPS under varying conditions where the analyses were carried out by
differential analyses of carbon in the effluent from a reactor (i.e. total carbon - cellular
carbon = EPS carbon). These studies (Bakke er al, 1984; Robinson er al, 1984) although
informative in a stoichiometric modeling sense, give only anecdotal information
concerning the biochemical and genetic controls of the cell. In situ determination of
biofilm EPS is of some interest however. Bremer & Geesey (1991) described a dual flow
system where protein and carbohydrate (EPS) in a biofilm could be measured quickly
and non-destructively. By comparing the Fourier Transform Infra Red (FTIR) spectra
of two flow cells, one inoculated with bacteria and the other sterile, the accumulation of
cellular protein and matrix EPS could be measured with time. The uninoculated cell
provided a blank signal. Only the film was sampled by the infra-red beam since beam
penetration was less than one bacterial cell in depth. Bremer & Geesey found that the
EPS increased along with protein for 75h and then was constant for the next 100h. This
suggests that the ratio of cells to EPS at the interface of a biofilm and the substratum
is constant.

Wrangstadh et al (1990) demonstrated that Pseudomonas sp. Strain S9 produced two
forms of EPS. The first of these was closely associated with the cell during growth
(integral EPS) and the second (peripheral EPS), more loosely so. The first polymer was
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produced during growth and both were produced during starvation conditions. These
polymers appear rather similar to those described by Fletcher & Floodgate (1973) for
Pseudomonas strain NCMB 2021. Wrangstadh et al concluded that the formation of the
peripheral EPS was a response to starvation. If protein synthesis was inhibited with
chloramphenicol at the onset of starvation, no formation of peripheral EPS took place.
Thus proteins induced by starvation conditions were responsible for its synthesis, or its
production from shorter chain precursors. This, and other results presented in the paper,
demonstrated that the integral form of the EPS, but not the peripheral form, promoted
adhesion.

It is a frequent observation that bacterial cells that produce EPS do so to a greater
extent on solid medium than in liquid culture (e.g. Sutherland, 1980; Abu ef al, 1991).
I believe that these are not anecdotal observations. Schneider et al (1991) demonstrated
that a non-mucoid strain of P. aeruginosa, when growing on a dialysis membrane placed
on an agar surface, showed sensitivity to the MW cut off of the membrane by controlling
the amount of EPS produced. Where the dialysis membrane allowed diffusion of
compounds of molecular weight 30-50KDa, no EPS was produced. A membrane with
a lower molecular weight cut-off allowed slime synthesis. This suggests that lack of
diffusion of the range of molecules (30-50KDa) influences polymer production on a
surface and therefore may act as a signalling mechanism that indeed the cell is on a
surface. These observations fit well with those of Wrangstadh er al (1990). The
mechanism for cell-surface sensing has been proposed previously for diatoms
(Wigglesworth-Cooksey & Cooksey, 1992).

2.3. BREAKDOWN OF BACTERIAL EPS.

Geesey (1982) has suggested that EPS is not broken down as a carbon source by the cells
that were responsible for its synthesis. Rodrigues and Bhosle (1991) observe that EPS
in a Vibrio fischeri biofilm does not decrease with biofilm age.

3. Microalgae

This discussion will be restricted to the EPS of diatoms since these organisms form the
main microalgal component of illuminated biofilms in both freshwater and marine
environments. Some of the general remarks made concerning bacterial EPS, also apply
to microalgal EPS (e.g. staining, water content).

3.1 COMPOSITION

A large number of diatom species have extracellular structures composed wholly or
partially of carbohydrate. These include stalks, tubes of tube-dwelling diatoms and slime
of various kinds. The extracellular slime includes the so-called trail substance of motile
pennate diatoms. The sugar composition of earlier analyses has been reviewed
previously (Characklis & Cooksey, 1983; in Werner, 1977; and in Stewart, 1974). As in
the studies on bacteria, most, if not all, analyses have been performed with the
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assumption that the analyte is a single macromolecular carbohydrate. Examples of such
analyses showed the presence of: mannose, rhamnose and galactose in Nitzschia
frustulum (Allan, 1972); xylose, mannose, fucose and galactose in Phaeodactylum
tricornutum (Lewin, 1958) and mannose, glucuronic acid, glucose, galactose rhamnose,
xylose and fucose in Navicula pelliculosa (Coombs & Volcani, 1968), i.e. constituents not
dissimilar to those in bacterial EPS. Although some linkage work has been carried out,
it is of limited use at present because in no case so far were the polymers shown to be
a single compound before hydrolysis.

Staining of the unpurified polymers has shown them to be sulphated acid
polysaccharides (Chamberlain, 1976, Daniel et al, 1987).

3.2. SYNTHESIS OF DIATOM EPS

Although only a few organisms have been studied, it is likely that they do not vary greatly
in their synthetic processes. In Amphora, an acid polysaccharide synthesized in the Golgi
apparatus is packaged into vesicles which are transported to raphe opening where they
fuse with the plasmamembrane before releasing their contents into the extracellular
space (Daniel et al, 1980; Webster et al, 1985; Edgar & Pickett-Heaps, 1983). Webster
et al showed EPS material secreted along the entire length of the raphe. In a series of
papers from this laboratory on Amphora coffeaeformis (Cooksey, 1981; Cooksey &
Cooksey, 1986; Cooksey & Cooksey, 1988, Webster et al, 1985) it was shown that the
result of EPS secretion, i.e. motility and adhesion, was sensitive to inhibition by energy
uncouplers, (carbonyl cyanide m-chlorophenyl hydrazone, pentachlorophenol), a protein
synthesis inhibitor (cycloheximide), a glycoprotein synthesis inhibitor (tunicamycin)
anticytoskeletal inhibitor (cytochalasins) but not inhibitors of photosynthesis (3'(3,4-
dichlorophenyl) 1,1' dimethyl urea, darkness). The process was also shown to be
calcium-dependent, with calcium being required internally and externally to the cell
(inhibition by lanthanum and D-600, detachment caused by EGTA) (see model in
Wigglesworth-Cooksey & Cooksey, 1992).

We have referred earlier to a hypothesis whereby continued secretion of small
quantities of this polymer, even when cells are suspended in the water column, may allow
a diatom cell to "sense" a surface when it alights because of restricted diffusion of the
polymer (Section 2.2.). At the moment there is no means to differentiate between the
EPS used for the initial adhesion, that secreted continuously as a trail substance or
motility polymer for gliding locomotion and that secreted when cells become permanently
adhered. The motility polymer is soluble in the aqueous medium (Webster et al, 1985).
The permanent adhesive EPS can be prepared by removing cells from a surface with
EGTA (Cooksey & Cooksey, 1986). Antibodies raised to either of these EPS will allow
distinctions to be made. This is our current research plan.
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4. Ecological Considerations

In assessing an ecological niche, scientists often and quite understandably, approach the
situation from an anthropomorphic point of view. They consider the advantages to the
organism of its occupancy of the particular ecological situation. Rarely do they believe
that the organism occupies the niche by chance and its reactions are only those of
survival under what may be adverse conditions. For instance, Characklis & Cooksey,
(1983) suggested that "Perhaps the surface may be an inhospitable environment where
an organism becomes trapped, and, as a means of survival produces an extracellular
polymer ..... (which) .. effectively insulates the cell from the stresses of the environment".
A great deal has been written concerning the advantages of the surface-attached state
for microorganisms, however we are only now coming to an understanding that is not
always the case (Fletcher, 1991). It is within this framework that the ecological role of
EPS will be discussed.

There is no doubt that EPS provides a diffusion barrier to nutrients and cellular
products (Cooksey, 1992). However, the degree to which diffusion is hampered is not
great. For instance, Jensen & Revsbech (1989) showed that oxygen diffusion in a biofilm
was only half that in free aqueous medium. Is this diminution sufficient to cause major
physiological changes in the cells? The EPS in a biofilm has been considered to be
involved in the concentration of nutrients from the overlying aqueous phase. EPS is
usually an acid polysaccharide with carboxyl and sometimes sulfate groups. At the pH
values that exist normally in nature (say pH6-8), this means that it could only complex
with positively-charged ions. Very few microbial nutrients are positively-charged at these
pH values. Even if positively charged nutrients were complexed, the affinity of microbial
transmembrane transport systems would need to be greater than the binding to the
matrix EPS.

The close proximity of cells in a biofilm may promote genetic exchange (Characklis
& Cooksey, 1983). This idea has been developed by Stal et al (1989) and examples
where this has happened have been provided. Microbial cells are more resistant to
biocides when in films (Costerton & Marrie, 1983). The fact that such cells are
embedded in EPS has been proposed as the reason. However, Nichols et al (1989) have
refuted this idea, even for positively charged antibiotics such as tobramycin (Nichols ef
al, 1989).

The relative cohesive and adhesive strengths of microbial films on solid surfaces has
been discussed earlier (Cooksey, 1992). It is not known whether the presence of multiple
organisms in a film increases these strengths because of the physicochemical interactions
of the various EPS produced by individual species (i.e. an increased gel strength by co-
gellation), or whether the presence of one organism influences another adjacent organism
to produce altered EPS that also has altered gelling properties.

Stal er al (1989) has stated that the reasons for EPS production are not completely
understood. Christensen & Characklis (1990) have called EPS a "magic substance" - it
is suggested that the word "mystic" is more appropriate!
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1. Introduction

Algal biofilms will develop on any illuminated surface which is either submerged in water or
exposed provided there is moisture in the atmosphere and nutrients are available. In natural
ecosystems, algal biofilms are familiar on the surface of stones in rivers and on the seashore or in
the aerial environment on garden walls and the bark of trees. Algal biofilms on man made
structures are best known for the nuisance they cause both in terms of safety and economics.

The most severe problems associated with algal fouling are on submerged structures particularly
in the marine environment. Algal fouling occurs on static structures such as offshore oil and gas
platforms, OTEC platforms, pipelines, buoys, pilings, piers, culverts, swimming pools,
aquaculture tanks, fishing nets and on moving structures such as boats, ships and submarines.
Efficient functioning of industrial plant apparatus such as heat exchanger tubes, plastic water pipes
and cooling towers may also be impaired by algal biofilms. Algal biofilms also pose aesthetic
problems by disfiguring building exteriors, fences, signposts and works of art such as statues.

In the aquatic environment, communities develop on unprotected man-made structures similar to
those found on natural substrates such as rocks. In coastal waters, where the potential for
colonization is enormous, a climax community might typically comprise large seaweeds such as
kelps and a variety of soft and hard bodied invertebrates such as mussels and barnacles. Such
climax communities are well documented for submerged static structures such as pilings, piers,
and offshore oil and gas platforms where anti-fouling measures are only infrequently employed.
The problems caused by climax communities of macrofouling organisms relate chiefly to
.increased drag and hydrodynamic loading. These aspects have been discussed previously in a
number of comprehensive reviews (see e.g. Costlow & Tipper, 1984; Callow & Edyvean, 1990).
The present article will be concerned with algae within biofilms which form compact coverings on
surfaces (fig. 1). Although biofilms are typically composed of unicellular or simple filamentous
organisms often referred to as microfouling or slimes, in certain circumstances the surrounding
environment e.g. at high water flow velocities or in the presence of toxins, causes stunted growth
forms e.g. macroalgae such as Enteromorpha and Ectocarpus growing on anti-fouling paints.
Under such conditions, the algae can adopt a compact growth habit or become integrated into the
microfouling slime layer. In this article the term algal biofilm is used in the broadest sense.

149

L.F. Melo et al. (eds.), Biofilms — Science and Technology, 149-162.
© 1992 Kluwer Academic Publishers.



150

Fig. 1. TS through a biofilm composed chiefly of diatoms, growing on an antifouling varnish (V)
over an anticorrosive coating (AC). Interference microscopy. Scale bar = 20um.

2. Composition of algal biofilms

The composition of a biofilm depends primarily on qualitative and quantitative aspects of the
inoculum. External factors such as the substrate, nutrient supply, competition and grazing all
modify the colonization and growth processes.The sequence of events following immersion of a
clean surface in water starts with adsorption of dissolved organic material including glycoproteins
(Baier, 1980) and colonization by bacteria (Characklis & Cooksey, 1983; Marshall, 1985).
Diatoms are the most common and abundant of the early algal colonizers and in certain situations
the algal biofilm is almost entirely composed of diatoms with associated bacteria and a few
entrapped miscellaneous unicells (Jackson & Jones, 1988). Diatoms are unicells characterized by
the presence of an elaborately ornamented silica frustule and chloroplasts containing the pigment
fucoxanthin which masks the chlorophyll, hence their golden brown colour. Each cell can range in
size from a few to several hundred micrometres. Some forms are enclosed in mucilage sheaths
(tubes) up to several centimetres in length, thereby assuming a filamentous appearance e.g.
Navicula ramosissima, whilst others attach to the substrate by a variety of adhesive mechanisms
including encapsulating mucilage e.g. Amphora, pads e.g. Cocconeis, and stalks e.g. Achnanthes

(Daniel et al., 1987). As with bacterial biofilms, only a few cells are needed to attach to a surface,

as cell division rapidly gives rise to colonies which eventually coalesce to form a compact biofilm.
Doubling times for populations of diatoms on glass slides immersed in the sea at Miami, Florida
were between 11.7 and 27.4h depending on the time of year, similar to those found in the
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laboratory cultures (Cooksey et al., 1984). Diatom biofilms are typically up to 500pum in thickness
(fig. 2) with some 2.7x105 cells cm-2 (Hendey, 1951). Certain genera and species are of
considerable importance in fouling of ships' hulls coated with antifouling paint (fig. 3). Species
diversity appears to decrease with increasing effectiveness of the antifouling composition
(Robinson et al., 1985: Callow, 1986). Amphora spp. are most common on copper paints (see

later) whilst diatom slimes dominated by species of Achnanthes and Amphora are commonly

found on self polishing copolymer (SPC) paints containing both tributlytin and copper salts (fig.
3) (Callow & Edyvean, 1990).

Many unicellular and filamentous green algae (Chlorophyceae) and cyanobacteria (blue-green
algae) form colonies within algal biofims particularly in freshwater environments. In certain
circumstances, especially in the aerial environment they may be the dominant members (Grant,
1982). For example, the green unicell Pleurococcus occurs in great profusion in all kinds of damp
situations as a thin biofilm on stones, fences and tree trunks. Trentepohlia, a filamentous green
alga, disfigures exterior stone and paintwork in humid tropical and subtropical regions regions by
producing a green or orange covering (Wee & Lee, 1980). Cyanobacteria are simple prokarotic
organisms without nuclei and with many other features in common with bacteria. Cyanobacteria
are characterised by a blue-green colour, occasionally red, and exhibit a variety of growth forms
from unicells to variously "branched" filaments. Cyanobacteria are commonly found as minor
components of mixed algal biofilms but in certain circumstances they dominate e.g. on the vertical
plates of heat exchangers in cooling towers (Lakatos, 1990) and in some industrial circulating
cooling water systems (Ludyansky, 1991). The outstanding ability of cyanobacteria to withstand
extreme conditions of temperature and drought as well as the ability of some to fix atmospheric
nitrogen suits them well for survival in the aerial and nutrient depleted environments.

Macroalgal members of biofilms are chiefly green algae e.g. Enteromorpha and in the marine
environment, small brown algae are also common e.g. Ectocarpus. All of these have a relatively
simple growth habit which may consist of unbranched filaments e.g. Ulothrix, branched filaments
e.g. Ectocarpus, Cladophora or a single layer of cells forming a tube ¢.g. Enteromorpha. Other
relevant common features include the method of reproduction, through the production of large
numbers of flagellate zoospores or gametes with the ability for rapid attachment to the substrate
and adhesive rhizoids. In some species, germination gives rise (o a thallus with a creeping,
spreading habit allowing the algae to grow along the substrate and through an existing biofilm.
Red algae, including encrusting forms, are occasionally found within biofilms in the marine
environment particularly on static structures although they rarely dominate (see Fletcher et al.,
1984b; Callow & Edyvean, 1990). In view of their relatively minor role in biofilms red algae will
not be considered in this review.

In addition to bacteria and the types of algae mentioned, the majority of biofilms incorporate
casual algal members e.g. flagellates and desmids within the community along with the non-algal
members e.g. protozoans, larvae, annelids and the non-biological components such as silt, sand
and minerals. The biofilm should be regarded as a dynamic community in equilibrium with the
environment and undergoing the same cycle of processes of growth, death, sloughing and
regeneration associated with bacterial biofilms albeit in a less ordered and pronounced manncr.

3. Settlement and adhesion of biofilm algae
Diatoms attach to the substratum by the production of mucilages which encapsulate the cells e.g.

Amphora, or become elaborated morphologically to form pads e.g. Cocconeis, stalks e.g.
Achnanthes or tubes e.g. Navicula ramosissima (Daniel et al., 1987). The mucilage is synthesized



Figs 2 & 3. Scanning electron micrographs of a diatom biofilm growing on SPC antifouling paint.
Fig. 2. Edge of biofilm (between arrows) and surface (S). Scale bar = 200um. Fig. 3. Biofilm
surface showing large cells of Achnanthes intermixed with cells of Amphora. Scale bar = 20um.
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in the Golgi apparatus, packaged into vesicles (Daniel et al., 1987) and secreted at the

plasmamembrane into the raphe slit (Webster ez al., 1985). The composition of diatom mucilages
has similarities with bacterial exoploymers, being composed of acidic polysaccharides with
smaller amounts of neutral polysaccharides (Jones et al., 1982; Daniel et al., 1987). In diatoms

with encapsulating mucilage such as Amphora, the mucilage functions both as an adhesive and as
a motility polymer allowing the diatoms to move by gliding over the substratum. The
physiological requirements for adhesion in Amphora have been extensively studied by Cooksey

and co-workers, reviewed recently in Wigglesworth-Cooksey & Cooksey (1992). The processes
of synthesis and secretion of adhesive mucilage leading to motility and adhesion are prevented by
uncouplers of energy metabolism, inhibitors of protein synthesis, cytoskeletal function and
calcium transport. It is thought that a chemotactic sensing mechanism operates allowing the cell to
sense a surface and then select a preferred niche in the substratum (Cooksey & Cooksey, 1988).
The relative strength of attachment of diatoms increases with the length of time after settlement.
Procumbent species like Amphora, appear to adhere more tenaciously to the substratum than

stalked species and it is suggested that the former types are better able to withstand the shear
stresses imposed by water movement (Woods & Fletcher, 1991). In common with adhesion of
other types of cells and organisms, diatom adhesion is greater when cells attach to a roughened
rather than a smooth surface. Cyanobacteria and non-motile green algae also attach by means of
extracellular mucilages.

A completely different type of mechanism is encountered in the large majority of green and brown
macroalgal members of the biofilm. Here, the attaching stage is a motile spore which swims by
means of 2 or 4 hair-like flagella. Many algal spores have the ability to respond to environmental
conditions which favour their subsequent survival. The best known responses are to surface
topography (thigmotactic response), light (phototactic response) and the presence of chemicals
(chemotactic response), reviewed by Fletcher & Callow (1992). The most well documented
thigmotactic response is the preference of spores to settle and colonize roughened sufaces. Most
zoospores or fused gametes are negatively phototactic, swimming towards areas of low light and
thereby increasing their chances of settlement. The spores of some macroalgae appear to mimic
those of some motile bacteria and diatoms, moving in response to nutrient gradients, thus
allowing settlement in microhabitats more nutritionally favourable (o growth.

The adhesives of all eukaryotic organisms such as diatoms and macroalgal spores are synthesised
within the cell in the Golgi apparatus. However, the composition of the adhesive which attaches
the spore to the substratum is more complex in macroalgal spores than that produced by diatoms.
In the green alga Enteromorpha, the anterior region of swimming zoospores contains many Golgi-
derived electron dense vesicles which contain glycoprotein adhesive. EM autoradiography
indicates that the protein component is synthesised in the endoplasmic reticulum subtending the
forming face of the Golgi bodies whilst the carbohydrate component is added later, probably
within the vesicles after detachment from the Golgi bodies. On settlement, the vesicles rapidly
discharge their contents, giving rise to a fibrillar adhesive which anchors the spore to the
substratum. Initially the glue is susceptible to proteolytic attack but on "curing" (approx. 2h after
settlement) the majority of spores cannot be dislodged and germination occurs. On the basis of
EM studies, it appears that a similar mechanism of adhesive production and spore settlement
operates in other motile spores (Jones et al, 1982; Fletcher & Callow, 1992). The tenacity with
which cells, spores and germlings attach to the substratum is related both to the roughness and
physico-chemical properties of the surface. As discussed previously, the strength of attachment is
stronger to rough than to smooth surfaces (Woods & Fletcher, 1991). On low energy surfaces,
the morphology of rhizoids of algal germlings is different to those which develop on high energy
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surfaces (Fletcher et al., 1984a). The strength of adhesion of algal biofilms is lower on low
energy surfaces (Callow & Edyvean, 1990) and this phenomenon is being exploited in relation to
fouling control (see below).

4. Physiology of algal biofilms.

In nature, algal biofilms contain mixed, structured communities of microorganisms including
algae, bacteria, fungi, protozoa and, depending on the the aquatic environment, a mixed
population of meiofauna. By comparison with natural open waters, where rates of photosynthetic
and chemosynthetic primary production are low, submerged surfaces are relatively nutrient rich
habitats particularly in oligotrophic, pelagic environments (Paerl, 1985). Surfaces provide an
interface for the concentration of charged particles and molecules and may represent direct
nutritional sources either due to their mineral or organic content. A range of inorganic molecules,
including phosphate, iron, calcium, copper, other trace metals and a variety of organic molecules
are readily concentrated on surfaces. Paerl and Merkel (1982) have shown cellular uptake rates for
specific nutrients such as phosphate to be higher among particle-associated, as opposed to free-
floating, bacteria. However, disagreement exists as to the trophic roles that surfaces play in some
of the many habitats so far examined.

Within a biofilm, microenvironments or microzones (Pacrl, 1985) develop in which particular
physicochemical characteristics occur. Thus, concentrations of oxygen, CO», micronutrients and
dissolved organic carbon (DOC) can vary spatially within a few micrometres and temporally in
relation to diurnal, seasonal and annual changes in the surrounding environment. Various
organisms within the biofilm become tightly coupled according to their nutritional requirements.
Cycling of gases and nutrients, competition within and between species, predation and death all
occur within the confines of a microscopic biofilm.

Algal colonies and filaments within biofilms are typically embedded in a matrix of exopolymers.
Diatoms, cyahobacteria and bacteria secrete relatively large quantities of extracellular materials the
composition of which varies according to the species present. They are characteristically complex
carbohydrates including mucopolysaccharides and glycoproteins. Immediately overlying the
surface of a submerged algal biofilm is a thin layer of static water known as the 'diffusive
boundary layer', the depth of which depends on the surface texture of the film and the rate of
movement of the overlying water. In static water the boundary layer may extend for Imm above
the film whereas at flow rates of 10cm s°! the layer may be reduced to 100um (Kuenen et al.,

1986). Dissolved gases and nutrients within the overlying water diffuse through the boundary
layer immediately above the film and then through the exopolymer matrix before reaching cells of
the biofilm. Conversely, waste gases and metabolic products are either recycled within the film or
diffuse outwards to the overlying water. Some benthic algae, such as Oedogonium kurzii, display
an 'inherent current demand' in that movement of water is essential for their survival (Whitford &
Schumacher, 1961). The reason for this appears to be that currents greater than 15cm sec!

produce a steeper diffusion gradient around the alga and as a result the uptake of nutrients and
exchange of gases is increased. Measurements of biofilm activity, especially the exchange of
gases such as oxygen and CO», have traditionally been achieved by placing a perspex chamber
over the biofilm and then measuring the change in gas composition within the water above the film
(Marker, 1976; Loeb, 1981). Such experiments can only give an approximation of fluxes within
the film. Recently, microelectrodes have been developed for measuring pH, oxygen and sulphide
which can be inserted into a biofilm to give a spatial resolution of 10-50um (Revsbech et al.,

1983: Kuenen et al., 1986; Glud et al., 1992).



155

4.1. EFFECTS OF LIGHT ON ALGAL BIOFILMS

Algae utilise solar energy for photosynthesis with the end result that carbon is fixed to form
complex organic compounds. Carbon is obtained as dissolved inorganic carbon (DIC) supplied by
CO3 in the atmosphere. Oxygen is generated as a by-product of photosynthesis. Thus whilst the
biofilm is illuminated, CO; is utilised and oxygen produced but in darkness oxygen is utilised and
CO; generated. Fig. 3a shows a typical example of steady state oxygen profiles in an algal biofilm
collected from the surface of a trickling filter. Oxygen measurements were made in darkness and
in light with an irradiance of 600umol m=2 s-1 (Kuenen ez al., 1986). The oxygen content of the

water 0.4mm above the biofilm is 240pmol O 1-1. When the biofilm is illuminated, immediately

above the surface of the algal film, within the diffusive boundary layer, the oxygen concentration
increases linearly to 620pmol Oy 171, Maximum oxygen concentration in the light is reached at

about 0.2mm depth. Above this level algal cells are light saturated and below there is a slow
decline in oxygen concentration resulting from light limitation which increases with increasing
depth. In darkness the oxygen content of the water immediately above the algal film decreases
linearly and reaches zero about 0.3mm below the surface of the film. As the process of oxygen
evolution by photosynthesis is stoichiometrically related to the fixation of CO5, the observed
production of oxygen should be reflected in a change in bicarbonate concentration which can be
followed indirectly by pH measurements as shown in Fig. 3b (Kuenen et al., 1986). The curve
illustrating the increase in pH, as a result of CO; withdrawal when the film is illuminated, is

similar to the curve for the increase in oxygen production. When an illuminated biofilm is
transferred from light to darkness there is a reduction in oxygen output and a related decline in
pH. These results demonstrate that the oxygen concentration can change from zero to five times
air saturation in less than 10min. Not all oxygen diffuses out of the biofilm. For instance, Kuenen
et al., (1986) calculated that about 60-70% of oxygen produced in algal films by photosynthesis
was consumed within the films, at least one third of this may be due to photorespiration.
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Fig. 4a. Typical profile of oxygen above and within an algal biofilm in the dark (left) and light
(right). Zero depth is at algal film/water interface. Water flow rate 6¢cm s™1, irradiance 600 pmol
m-2 571, Fig. 4b. Oxygen concentration and pH at a depth of 0.5mm in an algal biofilm as a
function of time following transfer of biofilm from light to dark (L-D) and dark to light (D-L).
(Mustrations redrawn after Kuenen ez al., 1986).
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Photosynthesising biofilms create microenvironments characterised by high O/CO, ratios and
substantial photorespiratory activity might thercfore be expected. This is because ribulose 1.5
bisphosphate carboxylase catalyses two competing reactions (i) addition of CO; to ribulose 1.5
bisphosphate as in photosynthesis and (ii) oxygenation of ribulose 1.5 bisphosphate to produce
glycollate and CO3 as in photorespiration. At high O2/CO; ratios increased oxygenase activity
occurs resulting in the consumption of oxygen and generation of CO,. Glud et al., (1992)
measured oxygen production by algal films flushed with water currents containing different
concentrations of Oz and HCO3". They noted that in actively photosynthesising diatom films
flushed with aerated water there was a decrease in respiration of about 17%, as measured by
increase in oxygen production, when SmM HCO3- was added to the overlying water. If the
concentration of oxygen was increased, an increase in CO; was recorded equivalent to about 34%
photorespiration. These experiments assume a constant rate of respiration throughout unaffected
by changes in the O/CO; ratio. Biofilms containing Oscillatoria only exhibited slight increases in
respiration when the O2/CO ratio was clevated. To overcome the potential for increased
photorespiration it is possible that the intracellular DIC of Oscillatoria might be increased and
thereby the CO; concentration, thus diminishing the oxygenase activity of the enzyme ribulose
1.5 bisphosphate carboxylase.

Productivity of algal mats varies greatly according to species composition, environmental
conditions and supply of nutrients. For algal films in natural freshwater conditions, highest rates
of primary production are normally encountered in Spring. Marker (1976) observed an inverse
relationship between specific rates of gross photosynthesis and biomass with highest rates in May
and June. After that time biomass increased to such an extent that photosynthesis was limited in
thicker portions. Alternatively parts of the film sloughed off in flowing water or were grazed
away. Similar results were observed in a small Alabama stream where, in April, the highest
primary production recorded was 907mgC m-2d-! (Stock & Ward, 1991).

As algal films grow in thickness only the surface layers of the film remain photosynthetically
active, lower layers are self-shaded and may become anaerobic. In films of Oscillatoria
submembranacea up to Imm thick, 98% of photosynthetic activity was associated with the
surface of the mat whereas the bottom of the mat was brown in colour and anaerobic (Stock &
Ward, 1991). The close proximity of actively photosynthetic cells and zones of anaerobiosis may
result in the transfer of metabolic products that stimulate photosynthesis. Oxygen production by
photosynthesis could also stimulate oxidative processes within the mat such as nitrification and
methane oxidation.

4.2. NITROGEN FIXATION BY CYANOBACTERIA IN BIOFILMS

Cyanobacteria, in common with photosynthetic bacteria, can assimilate both CO5 and elemental
nitrogen and convert them into cell material (Fay, 1981). Nitrogen fixation is catalysed by the
enzyme nitrogenase which can only function in the absence of oxygen. In many cyanobacteria
nitrogen fixation is carried out in cells, called heterocysts, which are specifically modified to
exclude oxygen. Nitrogen fixation by nitogenase to form ammonium ions is independent of light
and many cyanobacteria can grow and fix nitrogen in darkness. However, light is required to
produce the carbon skeletons required to combine with the ammonium ions to form glutamine.
Nitrogen fixing cyanobacteria are capable of colonising habitats poor in nitrogen. Since they are
capable of fixing both nitrogen and carbon from the atmosphere, their only other requirements are
for a supply of phosphorus, trace elements, vitamins and other essential organic compounds.
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Nitrogenase activity in cyanobacteria, like the rate of photosynthesis, increases linearly with
increase in light intensity but may be depressed by the full intensity of solar radiation (Fay, 1981).
Although heterocystous cyanobacteria do fix nitrogen in an oxygenic atmosphere, oxygen
supersaturation can have a marked inhibitory effect. However, whereas increased oxygen in the
region of 20-40% in the surrounding atmosphere inhibits photosynthesis leading to increased
photorespiration, nitrogen fixation is only inhibited at oxygen concentrations in the range of 40%
or more (Fay, 1981). Nitrogen fixation is inhibited in the presence of combined inorganic nitrogen
including ammonium and nitrate. In nature, concentrations of ammonium (N) 3mgl-! and nitrate
(N) 9mgl-! are enough to suppress nitrogenase activity. However, the utilisation of elemental
nitrogen may be more important than anticipated since tuptake of combined nitrogen compounds
from around an alga may create a microzone of nitrogen depletion. The diffusion coefficient of
dissolved elemental nitrogen is higher than that of ammonium or nitrate ions (Fay, 1981).

4.3. RELEASE OF ORGANIC MATTER WITHIN BIOFILMS

The liberation of organic substances by actively photosynthetic cells is a common phenomenon
well described for planktonic cells where 50% or more of fixed carbon may be released as DOC.
In algal films the liberation of DOC has been studied in hot springs where Synechococcus lividus,
growing at temperatures of 54-58°C, releases betwecen 3-12% of total carbon fixed by
photosynthesis (Bauld & Brock, 1974). Bacteria, fungi and heterotrophic algae, including some
diatoms, in the algal film can then utilise these organic compounds as an energy source. In benthic
mats, where algal and bacterial cells are closely packed, the transfer of organic material may be
rapid and bacteria may serve as an effective sink for this material. The affinity of cyanobacteria for
an extracellular supply of organic compounds is several orders of magnitude lower than the
affinity of heterotrophic bacteria for the same compounds.

Within biofilms cycling of elements occurs in a manner analogous to the 'microbial loop’ within
nanoplankton systems (Azam et al., 1983). Actively photosynthetic algae release DOC which
provides a substrate for bacterial growth. Bacteria are grazed by protozoa and meiofauna which
subsequently excrete ammonium and orthophosphate which can be reused by photoautotrophs.
Likewise cycling of gases occurs with oxygen produced by photosynthesis being utilised by
aerobic bacteria and CO; generated by respiration being used for photosynthesis.

4.4, ALGAL BIOFILMS AND CORROSION OF METALS

Although uniform biofilms of single algal species on metal surfaces may retard corrosion, most
biofilms are not uniform in thickness or species composition and their heterogeneity leads to the
formation of cathodic and anodic sites within the underlying metal (Edyvean & Videla, 1991). The
cathodic oxygen reduction reaction becomes dominant at more highly oxygenated sites and as a
result less oxygenated sites become anodic. Thus an illuminated biofilm consisting of colonies of
cyanobacteria and bacteria will form cathodic and anodic sites respectively. Similarly, differences
in thickness of the algal biofilm can cause the setting up of differential cells, with thinner portions
of the biofilm allowing the passage of oxygen and hence becoming cathodic and the thicker
portions becoming anodic. Corrosion is particularly pronounced in sea water where the
concentrated salt solution acts as an electrolyte that completes the circuit between anode and
cathode. The flow of electrons between the two electrodes produces a measurable current and
localised corrosion in the form of crevices and pits occurs in the metal at the anodic site. Mixed
algal/bacterial films can also alter the concentrations of ions beneath the biofilm thereby producing
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chemical and pH concentration cells that act in a similar manner to oxygen concentration cells
(Edyvean & Terry, 1983). Anaerobiosis at the base of biofilms may encourage the proliferation of
sulphate reducing bacteria which promote corrosion (Edyvean & Callow, 1990; Edyvean &
Videla, 1991).

4.5. BIOFILMS ON BIOCIDAL SURFACES

Unprotected surfaces soon become colonized by a community of macrofouling organisms
including large brown algae (kelps) and hard (e.g. mussels, barnacles) and soft (e.g. hydrozoans)
bodied animals. Antifouling paints are designed to prevent colonization by all types of fouling
organisms. However, some organisms, especially diatoms (fig. 3) are highly resistant to biocides
and consequently biofilms dominated by a few species of diatoms are commonly found on
antifouling paint surfaces (see Callow & Edyvean, 1990). Copper and triorganotins are the most
widely used biocides in antifouling paints and most of the research on biofilms growing on paint
surfaces has been concerned with the effects of these two biocides. Soluble matrix paints, often
referred to as conventional copper paints, contain copper and sometimes other biocides in a rosin
matrix. Self polishing copolymer (SPC) paints are formed from a copolymer between tributlytin
methacrylate and methyl methacrylate into which other biocides, primarily copper salts, are
incorporated. On raft panels coated with conventional copper antifouling paint, Hendey (1951)
recorded 97 species of diatoms from 29 genera, whilst Pyne et al., (1986) recorded 91 species
from 35 gencra. In both studies the most abundant genus was Amphora (see fig. 3) also found to
be the most common genus on both conventional copper and SPC paints (containing both
tributlytin and copper) on 'in-service' ships (Daniel er al., 1980; Callow, 1986). The number of
diatom genera recorded on ships coated with SPC is lower than on raft panels presumably due to
the higher leaching rates of biocides under dynamic as compared to static conditions. Diatom
genera found en ships in addition o Amphora arc Amphiprora, Stauroneis, Navicula, Nitzchia,
Navicula and Achnanthes .

Amphora and Amphiprora are both highly resistant to copper (French & Evans, 1988). In
Amphora resistance has been attributed to copper immobilization in membrane-bound intracellular
bodies, thus keeping cytoplasmic levels low (Daniel & Chamberlain, 1981) and to binding of
copper at the cell surface or to mucilage, the latter binding being removed by EDTA or cysteine
(Robinson & Hall, 1990).

Triorganotins are lipid soluble compounds and thus rapidly enter cells where they function as
energy transfer inhibitors in respiration and photosynthesis (Millner & Evans, 1980). Some
macroalgae e.g. Ectocarpus and Ulothrix and diatoms e.g. Achnanthes subsessilis are resistant,
possibly due to their ability for intracellular detoxification (Millner & Evans, 1981).

5.. Problems caused by algal biofilms

The unsightly coloured appearance of exterior surfaces is the major disadvantage of algal biofilms
on buildings. The consequences of algal biofilms in the aquatic environment are far more serious.
On static submerged structures algae obscure the underlying substratum making inspection
difficult and may alter the underlying microenvironment, thereby allowing proliferation of
sulphate reducing bacteria and consequently promoting corrosion. (see Edyvean & Callow, 1990;
Edyvean & Videla, 1991).

On ships, yachts and submarines, fouling of the hull and propellors causes increases in frictional
resistance and drag as the vessel moves through the water, which result in speed loss, increased
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noise and vibration. In order to maintain speed increased fuel consumption is necessary. Diatom
slimes contribute significantly to speed loss. Lewthwaite et al. (1985) showed that a Imm slime
layer caused an 80% increase in skin friction together with a 15% loss of speed compared with
values for the clean hull.

In fresh, hard water areas, algal biofilms become encrusted due to deposition of calcium
carbonate. On boats these calcified biofilms are difficult to remove, often causing damage to the
underlying substrate (see Heath er al., this volume).

Algal biofilms growing within heat exchanger pipes impair function in the same manner as other
types of fouling. In spray ponds and in water cooling towers, algae can disrupt water distribution,
hinder cooling and block pipes and filters (Ludyansky, 1991). Algal biofilms in potable water
storage water tanks or pipes are undesirable because the release extracellular DOC into the water
and may impart tastes and odours (Hutson et al., 1987).

6. Methods of control

Exclusion of light by the use of opaque materials may help is certain situations but in most instances
this approach would be impractical. The most common method of reducing or eliminating algal
biofilms is by the use of algicides or biocides which arc either incorporated into coatings or dosed
into water. In antifouling paints the most commonly used biocides which control both animal and
algal fouling are copper salts and triorganotins where still permitted. In addition, a number of
algicides, including diuron and triazinc herbicides, are employed as well as in antialgal coatings for
exterior use on buildings. With increasing health and safety requirements and increased
environmental awareness, there is considerable interest in the development of non-toxic/non-
polluting methods of biofilm control. Onc approach is to prevent the adhesion of cells by the use of
non-stick or easy clean sufaces. Silicone elastomers (Callow et al., 1986) and fluoropolymers
(Griffiths, 1985) are easy clean low energy surfaces which so far have only found limited
application as coatings on boats, static structures and pipclines. Adhesion may also be prevented by
incorporation of substances which interfere with the chemotactic sensing of cells (Wigglesworth-
Cooksey & Cooksey, 1992), or destroys the adhesive e.g. enzymes. Natural antifoulants, based on
extracts from non-fouling marine invertebratcs are being developed in the US although their activity
is primarily against animals (e.g. Rittschof & Costlow, 1987). The use of algicides which degrade
rapidly, either chemically or biologically are also being developed for incorporation into coating or
dosing (e.g. Rossmoore, 1990). Effective reductions in the quantity of algicides used can be
achieved through the use of synergistic combinations of compounds (Hunter & Evans, 1991) or
through microencapsulation thereby allowing controlled release (Price ez al., 1991).
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BACTERIAL AND ALGAL INTERACTIONS IN BIOFILMS

K.E. COOKSEY
Montana State University
Bozeman, MT 59717
U.S.A.

1. Introduction

Biofilms that are found on illuminated surfaces usually contain phototrophs. These
surfaces can be rocks in mountain streams (Haack & McFeters, 1982a, b), water-
treatment equipment (Ludyansky, 1991) or various natural and man-made structures
in the marine environment (Paul, et al, 1977; Callow, 1986). There has been a great
deal of work on the interactions between bacteria and phototrophs (usually
phytoplankton) in the ocean water column (Wiebe & Smith, 1977; Ducklow, et al,
1986), but far less where the organisms are sessile. The reasons for this imbalance
are not difficult to define. Whereas it is comparatively easy to work with organisms
in suspension, it is far more difficult to study attached organisms. Even the
comparatively simple procedure of sampling organisms growing on a surface is
difficult (Wimpenny, et al, 1989). It follows that any analyses after sampling will be
that much more difficult and prone to artefact. The interest in mixtures of suspended
cells derives from our continuing goal of understanding global cycling of elements.
Environments are not monospecific and all species play some role in the cycling
process. At the moment, these specific roles are hard to define. Currently this area
of science has assumed a far greater importance since the onset of fears concerning
global warming trends.

There is no doubt that it is the proximity of cells to one another that most dictates
the degree to which they can interact (see Haack & McFeters, 1982a for a sample
of micrographs). In a planktonic situation, cells are several micrometers apart
(depending of course on the cell concentration and the size of the cells). In a biofilm
the cells are in contact or separated only by a matrix polymer (Cooksey, 1992).

163

L.F. Melo et al. (eds.), Biofilms — Science and Technology, 163~173.
© 1992 Kluwer Academic Publishers.



164

2. Types of Interaction

The interaction can be syntrophic or mutualistic. In illuminated films containing
bacteria and algae, this means that bacteria can be influenced by algal metabolism,
the reverse situation or there will be a mutual influence. In general the interaction

is likely to be chemically mediated.

Even tactic interactions are transduced ,

chemically (Van Houten, 1990). The molecules involved can be large or small.
Table 1 shows some of the molecules that could influence cell-cell interactions.

TABLE 1. Bases for cellular interaction in biofilms.

Compound Potential involvement in consortial metabolism

0, produced by phototrophs, electron acceptor for
heterotrophs.

CO, produced by heterotrophs, carbon source for

Organic N or C

Sources of P or S

Bioactive molecules,
allelochemicals,
antibiotics

Extracellular
polymeric substances

DNA

phototrophs.

N may be limiting to both phototroph or
heterotroph. Carbon could be used by either
component of the biofilm.

No information on excretion, but lysis could
make these available.

Compounds such as cyclic AMP or
chemoattractants may influence biofilm
establishment. Vitamins, especially B,,(algae).

Diffusion limitation. Causes steep chemical
gradients. Limits cellular motility.

Not likely to be transferred from procaryote to
eukaryote or vice versa, but procaryote to
procaryote transfer likely.
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Oxygen is produced by the photoautotrophic member of the consortium which in
the case of an algal/bacterial film is the alga. Because of potentially reduced
diffusion in a film there is a possibility that this compound can increase in dissolved
concentration over that normally found in water, i.e. about 0.25mM. The initial
enzyme in the pathway responsible for CO, fixation is capable of reacting with O,,
as well as CO,. In fact the name used for this enzyme is ribulose biophosphate
carboxylase-oxygenase (Rubisco). When reaction with O, occurs, the photosynthetic
ultimate product is glycolate, i.e. no CO, is fixed. Glycolate is metabolized by some
algae (Codd, et al, 1969; Cooksey, 1970; Lord & Merrett, 1971) through the agency
of a glycolate dehydrogenase. Formation and/or activity of this enzyme seems to be
related to the endogenous oxygen tension (Tolbert, 1980), but other explanations
have been put forward (Cooksey, 1970). Oxygen is required for aerobic respiration
in heterotrophs. If we postulate that the heterotrophic component of the consortium
is bacterial, then oxygen will be removed as an electron acceptor in heterotrophy.
Furthermore, the glycolate produced by the action of Rubisco acting in its oxygenase
mode will provide a respiratory substrate-glycolate. This scheme is shown in Fig. 1.
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Figure 1. Possible metabolic interactions within a biofilm containing a phototroph
and a heterotroph. For details, see text.
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There is a large literature (Wiebe & Smith, 1977; Cole, 1982) on the excretion of
organic materials by planktonic algae. Very few of the compounds have been
identified (except for glycolate) but it is reasonable to assume that any compound of
which there is a sufficiently large intracellular pool will also be found external to the
cell - albeit in low concentrations. Glutamic acid is such a molecule. This could
supply a source of nitrogen as well as carbon and energy to heterotrophic bacteria
in the film. The same is probably true for phosphorus and sulfur compounds, but I
cannot quote examples of these.

It is important to bear in mind that a biofilm is a very large concentration of cells.
In any case in nature where this happens there is also always an enrichment of viral
particles. For many years, the viral content of the marine environment has been
ignored. However, recently the viruses have been found in the planktonic
environment in very large numbers (c.lO10 L (Berg et al, 1989; Torella & Morita,
1979; Suttle et al, 1990). There is absolutely no reason why the sessile environment
should be different. If lytic viruses specific for algae or bacteria are present, all cell
contents of one organism become available to the other. It is quite likely that in
some cases the sloughing phenomenon, commonly seen in mature natural biofilms,
involves viral infection. I am aware of no studies on this aspect of the phenomenon,
however. It has been pointed out that the bare patches seen in natural biofilms can
be the result of protozoan grazing (Jackson & Jones, 1991).

Many of the molecules released from one cell will not have specific effects on
another. i.e. they will merely be sources of carbon, nitrogen or other structural
components of the cell. Other molecules, however, may have specific signalling
functions. For example, extracellular cyclic adenosine monophosphate causes
aggregation in slime molds (Segall, 1990). Other molecules may cause specific
cellular events by binding to membrane receptors. Although it is likely that
chemotaxis is not important in the initial formation of a biofilm, it may well be
important in its subsequent reorganization. Bacteria are certainly likely to be
attracted to algal products. Some of the diatoms found in biofilms are tactic to
sugars and to at least one amino acid (glutamate) (Cooksey & Cooksey, 1988).

None of the compounds mentioned so far are macromolecular, yet these too are
either released or synthesized extracellularly by components of the film. For instance,
extracellular polymeric substances (EPS), the global name for the extracellular slime
found in films, reduces molecular diffusion and cell motility (see Cooksey, this
volume). DNA is known to exchange between organisms that are in very close
proximity (transformation). Although this is known in nature for bacterial/bacterial
exchanges, no instances are known for bacterial/algal or algal/algal exchanges.

3. Evidence for Interactions
As mentioned earlier, much of the information on the interactions of cells in biofilms

has been inferred from results obtained on homogenized films. For instance, Haack
& McFeters (1982a, b) separated components of a homogenized biofilm that had
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been harvested from rocks in an oligotrophic alpine stream. They tried to minimize
artefacts resulting from the leaking of cells by treating the film with formaldehyde
before processing it. However, they did not demonstrate that their rather vigorous
homogenization procedures did not cause cells to leak. Nevertheless, their results
showed that the catabolic activity of the sessile bacteria was tied to the metabolic
state of the phototrophic organisms (mostly diatoms in this case). Bacterial
heterotrophic activity, but not cell number, increased as the phototrophic population
declined.

A gentler approach was taken in our laboratory. Diatom cells (Amphora
coffeaeformis) grow attached to laboratory glassware if the concentration of calcium
of the medium is higher than 2mM (seawater is approximately 10mM). So strong is
their adhesion to glass, that the overlying medium can be decanted without disturbing
the cells. When cells were grown in the presence of NaH!*CO,, the medium which
had been sterile-filtered contained acid stable radioactivity that could be assimilated
by a marine bacterium, Vibrio proteolytica (Cooksey, unpublished data). Although this
procedure was very gentle in terms of causing cellular damage it did not utilize a
mixed film and thus again the interaction had to be inferred. One of the first papers
to report quantitative information on the in_situ metabolism of a mixed film of
partially controlled composition concerned a biofilm of Amphora sp. and unspecified
bacteria (Jensen & Revsbech, 1989). The information was gathered by the use of an
oxygen microelectrode. The construction and use of these very small probes (10um
tip) has been reviewed (Revsbech & Jorgensen, 1986). The mixed species biofilm
was grown in a bioreactor of unusual design. Diatoms (unialgal, but not axenic) were
inoculated into one side (A) of a double chamber which was separated from the
other side by a 0.2 micrometer (pore size) polycarbonate filter. The medium in the
chamber containing the diatoms was phosphate-free. The alternate chamber
contained similar medium, plus phosphate. The only source of phosphate in chamber
A therefore was by diffusion from chamber B through the polycarbonate filter. It
was on the polycarbonate filter that the diatom biofilm formed. A film of 1-1.5mm
could be produced which was ideal for the in situ measurement of photosynthesis and
respiration. Jensen & Revsbech were able to demonstrate that photorespiration took
place in the diatom (Figures 2a,b). Indeed it seems that a biofilm that experiences
high light will also be bicarbonate limited - ideal conditions for photorespiration.
Photorespiration results in the formation and presumed excretion of glycolate.
Further, the fact that oxygen production was increased when the bacterial content of
the diatom culture used to produce the film was reduced by the use of antibiotics,
supports the notion of bacterial use of photosynthetically produced O,. This paper
stresses algal metabolism however, rather than the interactions. Two points which
were somewhat incidental to the thrust of the paper are very important here. Oxygen
electrodes can be used to measure oxygen diffusion coefficients. This paper
demonstrates what has been assumed in many other communications - O, diffusion
in the film is just about half that in free medium i.e. 1.1 cm? sec” in the film
compared to 2.1 cm? sec?! in medium. A second observation mentions the difficulty
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in preparing thick (1mm) films of Amphora when an attempt had been made to
reduce the bacterial content of the film. Gas bubbles (presumably photoproduced
O,) caused the film to slough. These workers suggest that where a coherent adhesive
film is produced, it is due to the production of extracellular polymers by the bacterial
component. I suggest that although this is certainly possible, the extracellular
polymer could be produced by the diatoms in response to the presence of the
bacteria. Woods & Fletcher, (1991) made parallel observations when examining the
ability of axenic populations of Amphora coffeaeformis, var. perpusilla to withstand
removal from a surface subjected to hydraulic shedr stress in a Fowler cell (Fowler
& McKay, 1979; Dudderidge et al, 1982). They noted that sloughing took place in
the cell (axenic culture) but this was not observed on ship bottoms where the film
presumably contained bacteria. Nevertheless, Woods & Fletcher, in contrast to
Jensen & Revsbech, considered that it was the inclusion of other organisms in the
film that caused its sloughing.
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Figure 2. Gross photosynthesis, O, out of flux and respiration in a mixed diatom-
bacterial film. (a) Measurements made at 360uEinsteins m?sec™ as a function of
initial bicarbonate concentration. (b) Measurements made as a function of light
intensity. (Reprinted with permission from Jensen & Revbech, FEMS Microbiology
Ecology, Elsevier.)

Paerl & Gallucci, (1985) give an example in which the association of a
heterotrophic bacterium (pseudomonad) and a phototroph (4Anabaena oscillariodes)
is specific. The association which enhanced N,-fixation in the cyanobacterium,
involved the chemotaxis of the pseudomonad to compounds secreted by phototroph.
A role for the pseudomonad is in reducing local O, concentrations and thus
maintaining optimal conditions for N,-fixation. No such specific association has been
shown for attached algal-bacterial communities. Reasons for this may be the
concentration of research effort on mature natural communities and monospecific
films formed in the laboratory.
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An interesting and practical interaction in mixed films has been noticed by Little,
etal, (1991). These workers found that the corrosion potential, E_, of stainless steel
which was covered with a marine diatom and bacterial film was light dependent.
Although the illumination level used in the experiments (20-50 ft. candles) was no
where near that saturating for photosynthesis for the average diatom species, (c. 500-
1000 ft. candles in the scale used by the authors) significant ennoblement of E_, was
found (+200mV). The E_, could be regarded as the sum of all electrochemical
reactions taking place at the metal-biofilm interface and as such could serve as an
indicator of cell-cell interactions within the film. This work has been extended by
Dowling, et al, (1992). Phototrophic metabolism of a cyanobacterium, Anabaena on
the surface of stainless steel electrodes produced perceptible oscillations in E
which followed the light/dark cycle used in the incubation. The presence of a
heterotrophic bacterium in the films was without effect on the E_ . The authors
suggest that this is because little organic carbon was available to the heterotroph. In
terms of the current paper we can say that the phototroph (Anabaena) and the
heterotroph (Delaya marina) did not interact under these conditions. The system
described below would be an ideal one with which to study the influence of
illumination on E_, in mixed films where interactions have already been
documented. Murray, et al, (1986) formed algal-bacterial consortia on polystyrene
surfaces from axenic cultures of the marine diatom Amphora coffeaeformis and the
marine bacterium Vibrio proteolyticus. Organisms were attached to the surfaces at cell
densities of 5x10* diatoms and 5x10° bacteria cm™ Although the cell ratio of 1/100
was chosen for this study, there is no reason other ratios could not be achieved. We
found that the algal/bacterial consortia showed higher rates of incorporation of [*H]
thymidine into the film than did biofilms composed solely of bacteria. When the film
was 16 hrs. old, the differential was fourfold. After 70 hrs., it had risen to 16 fold.
Note that it is the age of the film that is given here, not the time for the incubation
with labelled thymidine (1 hr) [Figure 3]. When the incubations were carried out in
the dark, little or no thymidine was incorporated, ie. DNA synthesis in the
heterotrophic bacterium was light-dependent. Since the measurement of radioactivity
in the harvested fixed film measured the total incorporation into the cold
trichloroacetic acid insoluble fraction of the entire film, we decided to seek further
assurance that tritium was incorporated only into the bacterial component. The
results in Figure 3 had already suggested this however, i.e. incorporation in diatoms
was not significantly different from that in formalin-killed controls. (P>0.05). Mixed
cell films were attached to plastic cover slips and incubated for 20h in the light (c.
100w Einsteins m™ s) when [°H] thymidine was added. After 1 h further, the cells
were fixed in formalin (5%), stained with Hoechst 33258 (Paul, 1982) and
radioautographed by the method of Brock & Brock, (1968). Photomicrographs of the
films under phase, epifluorescent and mixed phase and epifluorescent illumination
respectively were made. Under phase illumination the black silver grains could be
seen clearly to be associated with the pale blue stained bacteria. The algal nuclei
showed as bright blue areas of the algal cells. Developed silver grains were not seen
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in association with algal nuclei in either monoalgal or mixed biofilms. We concluded
from this and the results in Figure 3 that A. coffeaeformis did not incorporate [*H]
thymidine, whereas V. proteolyticus did - but only significantly in films where it was
in the presence of the diatom.
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Figure 3. Incorporation of [*H] thymidine into intact monobacterial, monoalgal and
mixed algal-bacterial films. (a), (b), (c) incorporation with time (h.). (d) intact films
incubated for 48h. before measuring the rate of [°H] thymidine incorporation. ()
similar to (d) but the film was harvested using a sterile rubber policeman before
addition of thymidine. Note incorporation into algae in panel (a) is not significantly
different from the formalin-killed control. (Reprinted with permission from Murray-
Cooksey & Priscu, Applied & Environmental Microbiology, American Society for
Microbiology).
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I believe that this system is open for further development. It should be possible
to introduce another organism so making a tripartite film. It should also be possible
to measure the interaction as a function of biocide challenges and also the extent of
the interaction as a function of metabolizable substrate in the overlying water. Does
the interaction cease if external heterotrophic growth substrates are available? Is the
interaction changed if the nitrogen source in the medium is altered? The questions
are many.

Murray, et al did not follow this route but did make one further observation of
importance here (Murray, et al, 1987). Rates of [°’H] thymidine incorporation into
the cold TCA-insoluble material by bacteria cultured without an exogenous carbon
source were 4.3 times greater when activity was measured after disruption of a
monobacterial biofilm [Figure 3d,e]. When diatoms were present in the film, the
disrupted rate was five times greater than the in situ rate. These differences are not
likely to be caused by problems of diffusion of the [*H]-thymidine because the films
were cellular monolayers. Further we do not believe the difference in rates is due
to the fact that in the disrupted film all the cell area is available for uptake of the
substrate, whereas we calculate only about 80% is available when the bacteria are
attached to a surface (about 20% is in contact with the substratum). The difference
in rates is several hundred percent, far greater than the 20% possible by a
consideration of the relative cell membrane area available for uptake of the
radiolabelled material. Thus we contend that measurements made on the physiology
of harvested and disrupted films do not reflect that of the intact films. Others have
made similar observations with naturally occurring films (Ladd, et al, 1979).

4. Conclusions

The study of cell-cell interactions in biofilms is difficult. Two approaches stand out
as potential solutions to the difficulty. These are the use of microelectrodes for the
measurement of in situ chemistry, and the production of mixed films of known and
controlled composition. =~ Harvesting of films and homogenization before
measurements are made is not an acceptable approach, except to make biomass
estimates.
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1. Introduction

There are not many publications devoted to the study of the attachment of fungi to
surfaces, the available articles being in general limited in scope as well as in perspective.

Fungi have not drawn much attention as far as adhesion is concerned. Yet , in the
vast majority of interactions between fungi and the environment, prior attachment is
needed.

This is the case of the biodeterioration of wood, as well as of other well known
examples such as the moulding of stored foodstuffs, decay of paint and paint films,
leather, books, paintings, adhesives and even glass ( the etching of glass lenses in the
tropics is of fungi's responsibility ) (Onions et al, 1986).

The adhesion of filamentous fungi to plastics and plasticizers was extensively
studied by Pankhurst et al. (1972), Olson et al. (1977) and Pantke (1977) under the point
of view of biodeteroration. The same perspective was adopted in the work of
Mogilnitskii et al (1987), who investigated the biodeterioration of PVC. A study of the
adhesion to perspex by marine fungi was also performed by Hyde et al (1989).

Growing attention is being recently paid to the detrimental effects of mycotoxins
liberated by fungi into foodstuffs - namely ochratoxins and aflatoxins - since the latter
have been incriminated as potent carcinogens and there are proofs of the toxicity of
ochratoxins for mammals( Linsell, 1977; Ames, 1989 ).

The ochratoxins are of interest in food processing for at least three reasons: (1) they
are toxic to several animal species, and probably to man also, (2) some are highly
resistant to heat and (3) many fungi are capable of producing ochratoxins at storing
temperatures, i.e., below 10°C ( Frazier and Westhoff, 1988 ).

Therefore, the prevention of the attachment of conidia to food processing surfaces is
important, since spores are one of the major propagation ways of filamentous fungi. Only
two references, both published by the same research team, were found in the literature (
Kaznacheev et al, 1986, 1989). These two papers were devoted to the attachment onto
polymers, namely cellophane and epoxy resins. As cellophane and epoxy resins are
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widely used materials for food packaging, this may be considered a valuable work in the
field of food processing.

Nevertheless, adhesion to important surfaces in food processing, such as metals and
metal alloys, have unfortunately been little considered so far. A survey in the literature
revealed one publication concerning the corrosion of metals by biofilms of fungi (
Rosales et al, 1990 ) dealing with the corrosion produced by Cladosporium resinae.
Cladosporium strains are not major food contaminants ( Jay, 1978), let alone the strain
used in this work, in which food contamination was not a matter of concern.

The other work studying adhesion to metals was that of Andreyuk et al (1982). In
this case, the biofouling was studied on steel surfaces dipped in seawater, corresponding
to conditions which in no way can be compared to those found in food spoilage and
contamination ( except for the special case of curing).

In summary, we can see that the adhesion of food spoilage fungi such as
Aspergillus, Penicillium, Candida, etc., to food processing surfaces has been poorly
studied so far. To give another example of the lack of research in this field it is just
enough to point out that there was not a single communication on biofilm formation by
fungi in the important filamentous fungi symposium that was recently held in Yugoslavia
(Physiological Aspects of Product Formation by Filamentous Fungi - Programme and
Abstracts - 4-7 Nov 1990, Gozd Martuljek).

The study of fungi adhesion activity is also important in the field of wastewater
treatment. As a matter of fact, fungi play an important role in the treatment of liquid
wastes, being either beneficial, by removing xenobiotics (Glaser,1990) or detrimental,
when they give rise to filamentous bulking ( Atlas and Bartha, 1987). Furthermore, main
treatment processes either aerobic - viz. trickling filters and rotating biological contactors
(RBC) - or anaerobic - anaerobic filters and expanded beds, for example - are attached-
growth waste treatment processes ( Metcalf and Eddy, 1991).

Little published work can be useful to this field. Indeed, the above mentioned
publications concern either plastic supports which are not used in attached-growth
processes, or the wrong fungi. Once more, this is an open field to active investigation.

In the present work, an experimental set-up is described and used for the assessment
of the adhesion ability of filamentous fungi to different metallic surfaces. The
experimental conditions used in this preliminary work are equivalent to those normally
found both in food processing and in waste treatment.

2. Materials and Methods
ORGANISMS

The following fungi were used:

Aspergillus niger  van Tieghen was purchased from the FCL collection (Lisbon,
Portugal) ; Geotrichum candidum Link ex Persoon and Candida lipolytica( Harrison)
Diddens & Lodder were kindly furnished by Dr. Amaral-Collago from LNETI ( Lisbon,
Portugal).
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CULTURE MEDIUM

The medium was composed of 0.5% peptone and 0.3% yeast extract dissolved in tap
water.

EXPERIMENTAL SET UP

The experimental set-up is depicted in figure 1.The metal plates were turned to the
central axis of the flask. The rotation speed of the magnetic bar was adjusted to the
desired value with the help of a stroboscopic meter.

METALS AND ALLOYS

The metals and alloys assayed were stainless steel , aluminium, copper, zinc and brass.
The assayed metallic plates were polished, thoroughly rinsed, dried and weighed before
the attachment runs. Plastified wires were used to suspend the plates and dip them at the
same level in the culture medium.

PREPARATION, INCUBATION AND MEASUREMENTS

The 500 mL erlenmeyer flasks containing 200 mL of culture medium and the metallic
plates were sterilized in an autoclave at 121°C for 15 minutes. The inocula were obtained
by transferring 2 loops of a slant culture to a 100 mL conical flask containing 25 mL of
culture medium with the above described composition. After an incubation in an orbital
shaker for 48 hours at 30°C, 10 mL were pipetted into the 500 mL flask containing the
metal plates. The cultures were allowed to grow for 1 week at 30°C as represented in
fig.1. The stirring speed was adjusted to 150 rpm. After 1 week growth, the metal plates
were carefully removed from the culture, dried at 105°C till constant weight and weighed
again in a 0.1 mg precision balance. The culture medium was filtered through previously
weighed 0.45 micron membrane filters, which, after a drying period at 105°C, were
weighed again to measure the biomass dry weight suspended in the culture.

Figure 1 - Experimental set-up for the assessment of biofilm formation:
1 - magnetic stirrer, 2 - water bath, 3 - erlenmeyer flask, 4 - metal plates.
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3. Results and Discussion

Each dry weight allowed to assess 1) the mass of filamentous fungi attached per unit
mass of the metal plate and 2) the fraction of the whole biomass which became attached
to the plates.

The results obtained for each strain and metal are represented in Tables 1 and 2.

TABLE 1 . Results obtained (in grams), for the total grown biomass, the
suspended biomass and the adhered biomass, corresponding to each
strain and each kind of metallic plate.

Metal/alloy  Biomass G.candidum C.lipolytica A. niger
Plates 0.0247 0.0123 1.6872
STEEL Suspended 0.3130 0.0610 3.7650
Total 0.3372 0.0733 5.4522
Plates 0.0281 0.0386 0.4796
ALUM. Suspended 0.2104 0.3973 3.7081
Total 0.2385 0.4359 4.1877
Plates 0.0149 0.0250 0.0309
BRASS Suspended 0.1841 0.0385 0.7854
Total 0.1990 0.0635 0.8163
Plates 0.7012 0.2595 0.5178
ZINC Suspended 0.3581 0.1757 0.2575
Total 1.0593 0.4352 0.7753
Plates 0.0256 - 0.0025
COPPER Suspended 0.0812 - 0.0529
Total 0.1068 0.0018 0.0554

TABLE 2 . Proportion (in %) of biomass that adhered to the metallic plates
for each strain

Steel Al Brass Zinc Copper
G.candidum 7.3 11.8 7.5 66.2 24.0
C.lipolytica 8.2 8.9 39:4 59.6 -

A.niger 30.9 11.5 3.8 66.8 4.5
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From these results, it may be seen that zinc promotes a significant growth of all the
strains. Furthermore, in the case of zinc, the growth is mainly located on the plates for all
the strains. Curiously, zinc has been shown to inhibit the adhesion of bacteria (
Duddridge et al, 1981; Vieira et al.,1992) The influence of the other metals is largely
strain-dependent which may be seen when the second best metal for adhesion is
identified. The second best metal after zinc is copper for G.candidum , brass for
C.lipolytica and steel for A.niger . The comparison of the results obtained for zinc,
copper and brass leads to the conclusion that copper is the main responsible for the lower
growth in the brass plates, because the growth in the presence of zinc alone is several
times greater, except for A.niger.

Liberation of metallic ions to the culture medium was also evaluated. Analysis by
atomic absorption spectrophotometry showed that i) concentrations of copper and zinc in
the spent culture medium were 10 times higher than in the fresh medium, ii) the
concentration of iron decreased during the experiment, meaning that there was a
consumption of that metal, and iii) aluminium concentration did not vary. The significant
increase in the concentrations of copper and zinc in solution may justify different
physiological behaviours of the strains as far as total growth is concerned.

4. Conclusions

As the metal plates were turned to the rotation axis, the adhering cells were undergoing
shear forces all along the growing and attachment process. As a consequence of the
conical geometry of the flask and of the proximity of the walls, there are different liquid
speeds at different levels on the metallic plates. Thus, the linear liquid speed cannot be
calculated exactly. Nevertheless, although it is not a procedure as sophisticated and
rigourous as those described by Fletcher (1990), it allowed us to assess the adhesion of
various fungi to different surfaces. Furthermore, it proved 1) that if we want to build a
food processing facility, the materials to be used must be chosen according to fungi more
susceptible to contaminate the plant and 2) that each organism has a different adhesion
ability, varying according to the metal in use, which means that adhesion studies should
be performed in each particular case. This procedure is now in course of application to
other fungi and materials.
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1. Introduction

Recombinant plasmids are a significant tool for biotechnological research and have
enormous commercial potential for the expression of foreign genes in procaryotic
and eucaryotic organisms. Two major impcdiments to widespread utilization of
genetically-engineered expression systems within natural ecosystems are: (I the
instability of the plasmid under a variety of conditions, and (2) the lack of knowledge
regarding the fate of recombinant DNA in natural ecosystems. Governmental
regulations have thus far severely restricted the development of processes involving
the exposure to the environment of geneticallymanipulated organisms. Not
surprisingly, significant effort has been spent in determining the mechanisms
involved in plasmid loss from cells, and in initial studies of the fate of genetically-
engineered DNA sequences in the environment.

A plasmid is deemed unstable if it either undergoes rearrangement (structural)
or is not absolutcly inherited by progeny (segregational). Such phenomenon can have
significant effects on the outcome of cell cultivation processes. It has been well
established, both experimentally and theoretically, that plazsmid maintenance and
cloned gene expression reduce the overall growth rate of the plasmid-bearing cell
relative to the plasmid free cell [Seo and Bailey,1985; Peretti, Bailey and Lee,1987;
Zund and Lebek,1980; Lauffenburger,1987]. Reduction of copy number [Grandi, et al,
1981] and loss of plasmids from populations under continuous culture have been
reported in many cases [Wood and Peretti, 1990; Kadam, et al, 1987; Nakazawa, 1978;
Meacock and Cohen, 1980}, even in the presence of selective pressure [Peretti and
Bailey (1987); Kadam, et al., 1987]. Plasmid loss has been shown to occur in E. coli
[Seo and Bailey, 1985; Uhlin, et al., 1979; Fredrickson, 1977; Klemperer, et al, 1979;
Engberg and Nordstrom, 1975; Jones, et al, 1980] as well as in Bacillus [Wood and
Peretti, 1990; Kadam, et al., 1987; Nakazawa, 1978] and Pseudomonas [Meacock and
Cohen, 1980]. The discovery of a par locus [Skogman, 1983] has lead to many efforts
to genetically stabilize plasmid segregation. While this has not always met with great
success [Gerges, 1988], recent work with the parB locus has been extremcly promising
[Kadam, et al., 1987; Meacock and Cohen, 1980; Gerges, 1988; Bailey and Ollis, 1986].

That immobilization might stabilize a plasmid-bearing population in
suspension can be shown mathematically [Dykhuizen and Hart, 1983]. Plasmid
persistence in suspended cultures has been observed in cases of where the
plasmid-bearing cell was at a growth rate disadvantage [Adams, et al, 1979; Grandi,
et al, 1981; Inloes, et al, 1983] and has been directly attributed to biofilm formation
and cell sloughing from the film [Inloes, et al, 1983]. Inloes et al., (1983) reported the
maintenance of a plasmid-containing strain of E. coli in the absence of selection
pressure when immobilized in a hollow fiber membrane.
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The effect of immobilization on plasmid stability has been investigated by de
Taxis du Poét et al. (1986). Plasmid-bearing E. coli were immobilized in
K-carrageenan beads that were subsequently fluidized in a chemostat operated at a
volumetric residence time of 15 minutes. Cells extracted from the beads and
resuspended were shown to have the same plasmid-loss frequency as suspension-
cultured cells, yet it was reported that immobilization enhanced the stability of the
plasmid-bearing population. Nasri et al. extended this analysis to three genetically-
different E. coli hosts (HBIO1,W3101, and B) using the same plasmid (pTG201), and
again reported that, without antibiotics, the fraction of cells carrying plasmid in the
beads was greater that one would find in suspension cultures. In free suspension, all
planktonic cells exhibit varying degrees of plasmid instability; when immobilized
all three strains exhibited stable plasmid maintenance for the duration of the
culture. When plasmid-bearing and -free cells were coimmobilized, plasmid free cells
did not overrun the culture. Their results suggest that increased plasmid stability was
not due to either plasmid transfer between cells or to increases in copy number.
Sayadi et al. repeated Nasri's work with just E. coli B (pTG201) but under different
growth nutrient limitations. This third study found a decreasing specific growth rate,
increased plasmid copy number and cloned gene activity but decreased stability. They
also found that immobilization, in the absence of antibiotic selection, increased
stability of the plasmid under glucose, nitrogen, or phosphate limitations but not for
magnesium limited growth. Unfortunately, all the above reports are difficult to
interpret. The gel-immobilized cultures are grown in a chemostat operated at a
different volumetric residence time, much higher than possible for the suspension
cultures used for comparison. None of the three studies determined the intrinsic
growth rates of the cells inside the gel bead. Thus it is difficult to ascertain whether
the apparent increase in stability is due to decreased growth rate in the bead resulting
from nutrient mass transport limitations, plasmid transmission between cells or
other mechanisms.

Many studies of plasmid transfer rates for suspended cells indicates that this
transfer can occur at significant rates under a variety of conditions and organisms
[Freter, et al., 1983; Morrison, et al.,, 1978; Stewart and Carlson, 19£5!, including
Pseudomonas grown in the presence of competing organisms fr.:1 a natural
ecosystem [Morrison, et al,, 1978]. Studies of plasmid transfer in acuatic systems
show that transduction [Stewart, et al., 1983], transformation [Stewart and Carlson,
1986; Gealt, et al., 1985], and triparental mating [Clewel, 1981] are all possible means
of plasmid movement in these systems.

Studies of Streptococcus faecalis [Clewel, et al., 1982; Navarro and Durand,
1977] further indicated that conjugative plasmids that transfer at a relatively low
frequency in suspension (10-6 per donor), when immobilized to a surface, exhibit
significantly higher transfer frequencies ( >10"4 per donor).

There are a number of strategies to improve plasmid stability in recombinant
bacterial systems (Table 1). It comes as no surprise that immobilization might be
responsible for alterations in cellular behavior. Many different immobilized cell
systems have exhibited altered metabolism. Studies done with immobilized
Saccharomyces have indicated alterations in productivity [Tyagi and Ghose, 1982;
Doran and Bailey, 1986], macromolecular composition [Doran and Bailey, 1987], and
regulation of glycolytic oscillations [Hattori, 1972]. E. coli has been found to exhibit
changes in optimal growth conditions and product yields [Ou and Alexander, 1974],
while Bacillus has an altered cell morphology [Graham and Istock, 1978]. In studies
of plasmid transfer in sterile soil, Graham and Istock, (1978; 1979) found that
transformation occurred in B. subtilis in the absence of plasmids or transducing
bacteriophage. Similarly, transduction [Zeph, et al, 1988; Weinberg and Stosky,
1972; and conjugation [Weinberg and Stosky, 1972; Monbouquette and Ollis, 1988]
have been observed for soil microorganisms in natural biofilms. Kumar and
Schugerl (1990) provide an excellent review of the observed increases in plasmid
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retention, cloned gene expression, and system protein productivity seen in a variety
of immobilized cell (bacterial, yeast, and animal cell) systems. Unfortunately, no
concise explanation exists for these observed improvements in plasmid stability.

This brief section indicates the ubiquitous occurrence of plasmid movement
when considering the fate of genetically-engineered DNA in the natural
environment. These transfer processes occur in both gram-positive and - negative
organisms, in suspended and biofilm-bound communities. Quantification of the
risks involved in release of plasmid-bearing cells to the environment, be it
inadvertent or intentional, will therefore require quantitative, mechanistic
information regarding both the survival and mobility of the original host/plasmid
system in these environments (suspended and immobilized) and the frequency of
plasmid transfer to indigenous microorganisms from the original host.

Table 1. Protocols for enhancing plasmid stability.

System - antibiotic resistance markers on
plasmid plus antibiotics in media
- amino acid growth requirements
- temperature shifts
- two-stage bioreactor operation,
delayed induction
- immobilization

Genetic Approaches - auxotrophic mutants (amino acids)
- suicidal genes (cer, par, { par B locus)
- regulation of gene expression
- recombinant deficient host (rec A),
internal selection pressure (gamma
lysogens, streptomycin dependency)

2. Factors Affecting Plasmid Stability and Expression in Suspended Cultures

Three primary factors affect the segregational stability of a plasmid in a bacterial
population and the expression of the genes therein cloned. These are (1) the number of
plasmids per cell at the time of cell division, (2) the presence of different partition
loci, and (3) the strength of the promoter for the cloned gene.

A statistical analysis of plasmid loss frequency and plasmid copy number
indicates that the rates of plasmid loss exhibited for many host/vector pairs are what
would be expected if plasmid segregation between progeny were completely random. A
cell containing 50 plasmids could give rise to a daughter cell containing anywhere
from O to 50 plasmids. Plasmid copy number control is obviously, then, very
important. The initiation of plasmid replication is controlled at the level of
transcription, and as such is highly dependent on the strength of the promoter that
directs the transcription of the replication primer and on the presence of a rop
protein. The plasmid copy number is not, however, a constant for any given plasmid,
but depends as well on the growth rate of the cell. Peretti and Bailey (1987) showed
theoretically that slower growing cells have a greater proportion of their RNA
polymerase available for non-chromosomal transcription, including the initiation
of plasmid replication. These cells can thereby maintain a higher number of
plasmids than those growing more rapidly. This phenomenon has been widely
reported from experimental studies as well [Weber and San, 1987; Wouters, et al,
1980].
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Meacock and Cohen (1980) first reported a partition locus and described the
increase in segregational stability it conferred upon the plasmids in a suspended
population. Since that time several more such loci have been identifled and
characterized. Only two of these loci have been found to be directly related to the
physical partitioning of the plasmids (attachment to membranes) and these have
been associated with stringently maintained, low copy number plasmids such as F' in
E. coli. The others can be more correctly described as killing loci. A good example of
this class is the parB locus. This system produces mRNA (hok) for a protein that
destroys the transmembrane potential of the cell and for an anti-sense RNA (sok) to
this message. When the plasmid is present in the cell, the relative rates of
transcription and degradation of these two RNA species is balanced such that no
protein is produced. Once the plasmid is no longer present in the cell, the sok RNA is
rapidly degraded, exposing the ribosome binding site of the hok mRNA.
Subsequently, the protein is produced and the cell is killed. This particular locus has
been extensively studied, and has conferred nearly absolute stability to ultra-high
expression systems that otherwise exhibited very rapid plasmid loss [Wood and
Peretti, 1991].

Plasmids and the genes they carry represent a metabolic burden to the cells in
which they are maintained. This burden can be divided into two contributions, one
involving precursors and energetic molecules, the other involving enzymatic
assemblies. Plasmid-bearing (Pb) cells are required to synthesize more DNA, m-RNA,
and ribosomes than their Pf counterparts. Thus, Pb cells consume more energy per
cell [Collins, 1973]. Additionally, plasmid genes must compete with chromosomal
genes for various metabolic precursors (e.g., nucleotides and amino acids) and
catalysts involved in protein synthesis, all of which may be present in limiting
amounts [Peretti and Bailey, 1987].

One curious observation made regarding cell growth is the influence of growth
medium on segregational stability. Godwin and Slater (1979), reported that cells
grown in minimal medium exhibited a lower frequency of plasmid loss than did cells
grown in rich medium. These results are not explained by growth rate differences
between the two cases, but instead hint at the importance of some metabolic
precursors/intermediates that are as of yet unidentified. The ratio of growth rates for
Pf to Pb cells increases when the growth of the cells is limited by phosphate or
magnesium [Klemperer, et al, 1979]. Plasmid stability in continuous cultures
increases with decreasing dilution rates; Seo and Bailey (1985), report increased
numbers of plasmids per cell and increased expression of the cloned protein with
decreasing dilution rate.

Consequently, the turnover rate of Pb cell mass may be less than Pf cells.
Classically termed plasmid segregational instability, cultures of Pb cells, unless
under selective pressure, will give rise to Pf cells causing a deterioration in culture
productivity, especially in continuous reactor systems.

3. Factors Affecting Plasmid Retention and Expression in Immobilized Cultures

Experimental observations of the effects of immobilization, within artificially
formed gel bead carriers, on recombinant plasmid stability can be summarized as
follows:

plasmid vectors exhibit higher retention in the system

reduction or elimination of plasmid structural instabilities

plasmid copy number maintained or increased

operation of the liquid phase of continuous reactors at a residence time less
than the generation time of the Pf cells, dilutes them from the system
structure of the immobilizing gel separates the two populations, negating
competition

SO



185

6. proximity of immobilized cells less freedom of motion could promote
transfer of plasmid DNA between populations by either conjugation (if a
mobilizing factor is present) or transformation

7. mass transfer limitations on nutrients may create lower growth rates in
the interior of a gel, thus promoting increased plasmid stability

Similar mechanisms may serve to affect plasmid retention in biofilms naturally
formed by attaching bacteria. Costerton and co-workers (1992) and Bryers and co-
workers (1992) report that biofilms, formed under natural conditions, create highly
heterogeneous micro-structures. Use of confocal laser scanning microscopy coupled
with fluorescent probe molecules (for Eh, pH, cell viability, cell species number
concentration, matrix permeability) clearly indicate adjacent microcolonies within
biofilms may see radically different environments. Localized concentrations of
calcium may promote plasmid DNA incorporation by transformation. Dense
glycocalyx structures may exhibit different mass transfer properties than other
sections of biofilm, segregating bacteria into microcolonies much the same way as in
gel beads. One distinction between biofilm-bound cells versus artificially
immobilized recombinants, is that naturally attaching bacteria must metabolically
produce the encapsulating extracellular polysaccharide glycocalyx; an added burden
that artificially immobilized cells do not bear. Metabolic effects of biofilm
formation and cell replication may affect plasmid segregation differently than in
either planktonic or gel-immobilized populations. The effects of polysaccharide
synthesis on membrane integrity could influence both conjugation and
transformation of plasmid DNA.

Another factor influencing plasmid retention and transfer in a biofilm is the
continual intraphase transport of cells at the biofilm-fluid interface; biofilms can be
re-inoculated with specific community members which is not likely in gel bead
systems. Rochell et al. (1989), cultivate two donor Pseudomonas spp. with two
recipient Pseudomonas spp. within biofilms in a laboratory reactor system. All
experiments indicated recipient strains survived within the biofilm but not in free
suspension. Transconjugants were detected in all cases despite the fact that donor
and recipient cells were inoculated at opposing ends of the substratum used. The
authors attributed this observation to cell movement from the biofilm to the liquid
phase and re-deposition.

Clearly, altered plasmid retention in immobilized or biofilm populations of
recombinant cells cannot be explained by any single mechanism. Research has yet to
focus on developing methods and systems to assess those environmental and
biological factors governing plasmid segregation stability in biofilm populations.
Preliminary work on the effects of biofilm growth on plasmid loss due to segregation
will be presented below.

4. Mathematical Considerations

4.1 BATCH SUSPENDED CULTURE

In the growth of a culture containing two populations, one containing plasmids X*
and one having lost the plasmid due to segregational instability, X~, the dynamics of
each population in batch culture can be represented by the following "reaction"-like
equations,

Xt - (2-p) X+ + pX- rate = pt X+

X - X rate = pu~ X°
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where p = number of plasmid-free cells formed per generation of plasmid-bearing
cells; in essence the probability of plasmid loss. Imanaka and Aiba (1981) postulate
the fraction of cells bearing plasmids, F, after N number of generations of
plasmid-bearing cells can be described by

F=(1-a-p / [1-a-p@eNe+p-1) (1)

where o =p~ /ut. There are a number of assumptions tacitly associated with this
equation that do not accurately reflect experimental reality. Consequently, an
alternative approach to calculating p is proposed.

The population dynamics of suspended plasmid-bearing, X*, and plasmid-free,
X", cells in a batch culture can be described by cell growth and plasmid loss [Ollis,
1982],

+
dz(( = u+x+ - pu+x+ (2)
ax-
a - wX o+ putxt 3

Let X = X~/ X* and substituting X into Eqn (3),

dx- & dax+
—_— - + —
dt = X at T ATy @

Substituting Eqn (2) and (3) into (4) and rearranging yields,

b
o = (W pet e put (5)

- +
At exponential phase, u- = B and p* = B Therefore, Eqn. (2) and (5) can be

rewritten as,

dX+ + o+
= + .
a = M X pr. X (6)
R i : )
T (um Byt pum) X+ PR

Plotting InX* versus time and dy / dt versus ¥, the resultant slopes and intercept are
defined as,

m = u - pp, (8)
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m=po- W+ pU 9)

+
b = pu (10
Solving Eqns. (8), (9) and (10), p* , = (m* + b), m =m"+ m)and p=(b/(m*+0b).

4.2 CONTINUOUS BIOFILM CULTURE

Net accumulation of a biofilm culture on a substratum comprises (1) deposition of
suspended cells from the liquid phase, (2) cell replication and extracellular polymer
production within biofilm, and (3) biofilm detachment due to shear stress [Applegate
and Bryers, 1991]; Bryers and Characklis, 1992]. Here, deposition of cells will be
ignored since no suspended cells were supplied to the system and suspended cell
concentrations in effuent liquid phase were negligible. Therefore, the net

accumulation rate of biofilm-bound plasmid-bearing, B*, and plasmid-free cells, B,
can be expressed as the combination of cell growth, plasmid loss and detachment,

dBd[ = utB* - putB* - kdetBS (11)
dB- .
o T WB O+ B - kgeBy (12)

Assuming the spatial distribution of plasmid-bearing and plasmid-free cell within
the biofilm are uniform with depth (no spatial gradients of either population), one

can define B =B /B *=B"y/B*;and substitute into Eqn. (12),

dB” a4 _dB*
a =B et P (13)
Substituting Eqn. (11) and (12) into (13) and rearranging . . .

—?3— = (W -pr+ppt)Bput (14)

The specific growth rate of either population can be expressed as,
+ .
My S TN

m
+ - — - ————
= K+s am“‘l(s+s

Eqn. (14) can now be rewritten as:

- + + +
4B My, S H, S K, S By S -
it T | Kg+s T Kg+s t P +s PPy 75
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Plotting dB/dt versus f, the slope and intercept will be . . .

. - + + S
m' - (um Cown "“m)“—xsw (16
+
' l'lm S
R 4

Solving Eqn. (16) and (17), one can define a probability of plasmid loss for the biofilm
populations as,

p= — m (18)

5. Experimental Protocol

5.1 BACTERIAL STRAIN AND PLASMID

Escherichia coli DH5a (donated by Dr. Victors Burdett, Department of Microbiology
and Immunology, Duke University) was selected as study organism since it can form
a biofilm efficiently under low organic carbon substrate concentration and does not
produce B-galactosidase. Its genotype is 880dlacZAM15, A(lacZYA-argF), U169, deoR,
recAl, endAl, hsdR17, supE44, thi-1, gyrA96 (nalidixic acid resistant), relAl.
Plasmid pMJR1750 is a 7.5-kb plasmid comprising an ampicillin resistant marker, a
strong promoter, tac, a repressor gene, lacI €, and lacZ gene which encodes for
B-galactosidase. Expression of B-galactosidase can be induced by a number of
inducers, including isopropyl 13-D-thiogalactoside (IPTG). Cells harboring the
plasmid and producing B-galactosidase form blue colonies on agar media containing

5-bromo-4-chloro-3-indol-p-D-galato-pyranoside (X-gal), whereas plasmidfree cells
form white colonies.

5.2 BATCH SUSPENDED CELL CULTURE

Fermentation media used was M9 minimal media containing 0.2% glucose, 0.4%
casamino acid, and 0.01% thiamine. Batch suspended cultures were carried out in the
absence of ampicillin in fully instrumented fermenter of 1 L working volume, at pH
7.0, 37 °C, and with dissolved oxygen maintained above 50% of saturation. 1% (v/v) of
exponentially growing cells in identical medium was inoculated to minimize the lag
phase. A 10 mL cell suspension was sampled every hour for analysis. For induction
experiments, IPTG was added when the suspension absorbance at 600 nm reached 0.8.

5.3 CONTINUOUS BIOFILM FORMATION SYSTEM

Biofilms of E. coli DH50 (pMJR1750) were cultivated in a parallel-plate flow cell
reactor constructed of optically clear polymethylmethacrylate. Reactor design and
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pretreatment are detailed elsewhere [Huang, et al. (1992)]. Inoculum was centrifuged
from overnight cultures (which were selectively cultivated under 100 plg/mL
ampicillin) and resuspended to 108 cells/mL in sterileM9 minimal medium. The flow
cell reactor was inoculated by recirculating the cell suspension through the reactor
for 2 hours at a flow rate of 45 mL/min. After two hours, the suspension was removed
from the recycle loop, a small mixing vessel (100 mL) installed within the loop, the
system rinsed and filled with fresh M9 minimal medium supplemented with 50 mg/L
glucose, 100 mg/1 casamino acid, and 25 mg/L thiamine, and the recirculation flow
resumed. Fresh nutrient solution was then delivered to the mixing vessel to affect an
overall system dilution rate of 4 h"l. Contents of the mixing vessel were oxygenated
with pure oxygen to prevent oxygen limitation. System dilution rate was maintained
well in excess of the maximum growth rate of E. coli DH5a which served to minimize
cell growth in the fluid phase. The mixing vessel and connecting tubing were replaced
with sterilized versions, every 12 hours to minimize the biofilm growth outside the
flow cell. A micro-dissolved oxygen probe was connected within the loop to measure
the dissolved oxygen of the fluid into and leaving the flow cell. Glucose samples were
collected and assayed enzymatically every 12 hours. Slides with accumulated biofilm
were removed from the flow cell reactor every 12 hours and replaced with clean
slides.

Biofilm on a removed slide was scraped completely into 50 mL autoclaved M9
minimal medium and vortexed at maximum for 5 min. to prevent bacterial
aggregation. The biofilm suspension was used for the analyses below.

5.4 MEASUREMENT OF PLASMID STABILITY

Segregational instability was determined by LB agar plates that contain 40 pg/mL
X-Gal, 40, pg/mL IPTG and 50, pg/mL nalidixic acid. Biomass samples from batch
and biofilm cultures were suitably diluted with sterile M9 minimal medium and
spread on the plates to form between 30 and 300 colonies for each plate: The number
of viable plasmid-bearing and plasmidfree bacteria were determined by averaging the
blue and white colonies respectively on three plates. The probability of plasmid loss
per cell division was calculated with Eqn. (9) for suspended and the alternative
approach described in this paper for biofilm populations. Time derivatives of the
ratio of plasmid-free to plasmid-bearing cells for planktonic and biofilm
populations, respectively, (dy/dt and df/dt) in Eqn. (6) and (4) were calculated from a
leastsquares, second-order polynomial fit. Structural stability of the plasmid was
checked periodically by horizontal gel electrophoresis; no plasmid structural
modification was found throughout any experiments.

5.5 B-GALACTOSIDASE ASSAY

Samples obtained from batch and biofilm cultures were centrifuged at 1,000¢g for 15
min at 5°C. Cell pellets were resuspended in 1 mL TEP buffer (10 mM Tris; 1 mM
EDTA, pH 8.0;1 mM PMSF) and disrupted using two 30 sec pulses by Kontes
Micro-Ultrasonic Cell Disrupter (Vineland, New Jersey) set at 30% output. The
sonicated cellular homogenate was transferred to microcentrifuge tubes and chilled
on ice for 10 min, then centrifuged at 5,000g for 10 min to pellet cell debris.
B-galactosidase activity on the supernatant was determined by the rate of hydrolysis
of the colorless compound, o-nitrophenyl-$-D-galactoside (ONPG), to the yellow
chromophore, o-nitrophenol (ONP). 200 puL cell extract was mixed with 2.5 mL reagent
A (0.1 M NagHPOy, adjusted to pH 7.3 with O.IM NaH2P04), 100, uL reagent B (3.6M,
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B-mercaptoethanol), 100 puL reagent C (30mM MgC12), and 200 IIL reagent D (33.2 mM
ONPG in reagent A) in a disposable cuvette. After vortex mixing, the cuvette was
placed in a UV/VIS spectrophotometer and absorbance changes read at 410 nm over a
two-minute interval. The activity was calculated using Beer's law and one unit of,
B-galactosidase was defined as the amount of enzyme that can hydrolyze 1 umol
ONPG in one min at pH 7.3 and 25°C. The amount of B-galactosidase was determined
by calibrating the activities of aliquots of standard, B-galactosidase solution (5
Prime — 3 Prime, Inc., Boulder, Colorado).

(% Resuits

6.1 PLASMID SEGREGATIONAL INSTABILITY

The probability of plasmid loss for E. coli DH5a (pMJR1750) was determined from
the relative distribution of plasmid-free and plasmid-bearing cells for cultures grown
either in a free suspension batch reactor (Figure 1) or within a biofilm accumulating
within a CSTR (Figure 2). In suspension, one can directly see that the plasmid-free
cell population grows at a rate that allows the plasmid-free population to rapidly
dominate the culture in the absence of antibiotic. The probabilities of plasmid loss
were calculated for the suspended cultures based on Eqns. (6) and (9) and are
summarized in Table 2 for two alternative methods of estimation; the classic
plasmid loss probability calculation [Huang, et al., 1992] and the model presented
here. Respectively, the classic method predicts a p = 0.0009 while Eqns. (6) and (9)
predict = 0.0002.

The difference in the plasmid loss probabilities estimated by the two methods
can be attributed to (1) Imanaka and Aiba (1981) assumed their initial plasmid-free
cell concentration to be zero when in practicality this is not likely and (2) the
estimation is very sensitive to the value of generation number used which was
different in the two studies.

Table 2. Parameters And probabilities for suspended batch culture of
E. coli DH5a / pMJR1750.

Imanaka and Aiba (1981) This Study
Expt. nd F(n)@ a pb m* m b p
A 8 0.9793 1.17 0.0023 041 0.07 0.0004 0.0010
B 9 0.9747 125 0.0017 0.52 0.13 0.0003 0.0006
C 8 0.9774 1.15 0.0027 041 0.06 0.0005 0.0012
Ave. 0.0022 0.0009

a: Determined by the final data point of experiment
b: Solved by the ZREAL subroutine from IMSL mathematical library

Since the rate of cell concentration change in a biofilm is the net result of a number
of processes, only one of which is cell growth, no interpretation can be made
regarding the growth rate of the two populations in the biofilm directly from the data.
However, Figure 2 does indicate that plasmid-free cells do "accumulate” faster in the
biofilm versus plasmid-bearing cells. However, this observation could be the result of
either a preferentially higher erosion rate of plasmid-bearing cells causing from the
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Figure 1. Suspended cell concentrations of plasmid-bearing (®) and plasmid-free (1) E. coli
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Figure 2. Net accumulation of plasmid-bearing (®) and plasmid-free (Q) E. coli DH50.
(pMJR1750) in biofilm continuous culture without antibiotic selection.
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upper layers of the biofilm or substrate mass transfer limitations on slower growing
plasmid-bearing cells be relegated to the depths of the biofilm. Using Eqns. (14) to (17)
with the average u*, and , p°, from batch suspended cultures, plasmid loss
probabilities (Table 3) for the biofilm populations ranged from 0.013 to 0.021 over a
number of experiments, with the mean value being 0.017.

Table 3. Parameters and probabilities for biofilm culture of
E. coli DH5a / pMJR1750.

Experiment Sticking Efficiency m' b’ p
A 2.0x 107 0.0187 0.0015 0.013
B 1.92 x 107 0.0058 0.0007 0.021
C 3.50x 107 0.0115 0.0012 0.018
Average 2.50x 107 0.017

6.2 B-GALACTOSIDASE EXPRESSION AND EFFECTS OF INDUCER

The effects of different concentration of the inducer IPTG on the activity of enzyme
B-galactosidase were determined on cells in a batch suspended and continuous
biofllm cultures are shown, respectively, in Figures 3 and 4. Maximum growth rate of
cells in batch culture without IPTG added reached 0.52 h-1 but once the inducer was
added, growth drops accordingly. At IPTG concentrations under 0.17 mM the grow
rate is 0.35 h-l. Under 0.34 and 0.51 mM IPTG, growth rates of the culture dropped to
0.16 h'l. At IPTG concentrations less 0.17 mM, maximum, B-galactosidase
concentrations during the experiment were 0.32 pg/cell. Under ¢.34 and 0.51 mM
IPTG, respectively, B-galactosidase concentrations peaked at 0.47 pg/cell. Once
induced, the plasmid bearing cells rapidly decreased in population concentration
upon expression of the protein. Figure 3B illustrates no significant effect of varying
IPTG levels on the growth rate of plasmid-free E. coli DH5q.

Figure 4A and 4B illustrate similar population shifts in a biofllm community
brought on by induced recombinant protein expression during the addition of similar
amounts of IPTG. The question is whether the loss rate of plasmids immobilized is
greater or less in a biofllm than in suspension? Again, it would convenient to argue
that plasmid-bearing cells decrease rapidly upon induction since induction brings on
slow growth. However, this may not be entirely true since cells populations in the
biofilm are governed by processes other than growth. Maximum f-galactosidase
concentrations produced upon induction were 0.08, 0.10, and 0.12 pg/cell at 0.17,
0.34, and 0.51 mM IPTG, respectively; more than 70% less protein per cell than freely
suspended.

7. Concluding Remarks

Contrary to reports of improved segregational stability of plasmids in gel-
immobilized systems, calculations here indicate, without induction, the probability
of loss of plasmid pMJR1750 is higher in a biofilm than in suspension. Probability of
plasmid loss can be affected by multiple factors including copy number, medium,
composition, and growth rates. While the medium composition to the two systems
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was the same, variations in plasmid copy numbers between suspended and biofllm
cultures are possible. Growth rates of the suspended culture varies throughout the
batch culture, except during exponential phase. At least all cells are exposed to
similar liquid phase conditions, while as the biofilm develops mass transfer
limitations could affect a gradient of growth rates spatially in the biofilm.

Another possibility for the difference in p values between suspended and
biofilm experiments may lie in our simplistic model - i.e., is this observation fact or
an artifact of the model employed? The model assumes (1) that deposition of
suspended cells onto the biofllm does not occur since cells are not supplied to the
system and (2) that spatial gradients of plasmid-free and plasmid-bearing cells do not
develop with depth over time.

The first assumption ignores the possibility of cells detaching from the biofllm
at one point in the flow cell then re-attaching at another. Estimates of cell sticking
efflciencies (Table 3) at the exit fluid concentration of 105 cells/mL and the mean
hydraulic residence time of a cell in the biofllm study reactor suggest re-attachment
is negligible.

The second simplification affects the estimate of cell distribution detaching
from the biofilm. Our model calculations of loss probability, p, (Table 2) assumed that
the B+ and B- cells were uniformly distributed spatially in the biofilm; thus each
population would detach from the film: fluid interface at a rate proportional to its
average concentration in the entire biofilm. However, if one population's turnover
rate was higher than the other, it would eventually dominate the upper layers of the
biofilm and would also dominate the mass removed at the biofilm:fluid interface.
One can circumstantially determine if stratified biofllm populations develop by
comparing the ratios of the different cell types in both the biofilm (a composite
parameters averaged over the entire depth of the biofllm) versus cell concentrations
in the fluid phase arising due to shear removal. Assuming cells are detached only at
the upper layers of the biofllm, with the reactor operated well past wash-out, those
cells in the fluid phase would provide an indirect indication of the ecology of only the
upper biofllm layers. Figure 5 illustrates the time course of both plasmid-bearing (X+)
and plasmidfree (X-) cells suspended in the liquid phase during the accumulation of
biofilm illustrated in Figure 2.

Figure 6 compares the ratio of plasmid-free to plasmid-bearing cells in the
biofllm, B, to the same ratio determined for biofilm cells detached and re-entrained
into the liquid phase, Bgetached - Figures 5 and 6 clearly indicate that the relative

amounts of B+ and B- cells in the biofilm and detached are approximately the same
until the biofilm thickness attains its maximum steady-state value at ~ 48 hours.
However, over prolonged growth, the faster growing B- cells begin to outcompete the B+
cells in the upper layers of the biofllm leading to a disproportionate amount of B-
cells being sheared off into the liquid. This stratification is also indirectly indicated
by the rapid increase in , Bgetgched versus . B.

Consequently, assuming a spatially uniform biofilm may lead to erroneous
estimates of plasmid loss probabilities. We are now employing a more sophisticated
model to account for spatial distributions in our estimates of plasmid stability as
well as employing a modified plasmid pMJR1750 which incorporates a suicidal
stabilizing parB locus. This later revision will eliminate the generation of
plasmid-free cells during a culture. Differences in plasmid retention in systems with
and without the parB locus will allow estimates of potential mechanisms of plasmid
stability such as conjugation or transformation.
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1. Introduction

Water is used extensively for cooling purposes in a wide variety of industrial
processes and a major problem in efficient operation is the presence of biofilms on
the surface of equipment. On the other hand, in wastewater treatment, the
development of a robust biofilm is essential for the effectiveness of the process.

Industrial cooling water is generally obtained from one of several sources, such
as towns water, bore holes, lakes, reservoirs, rivers or canals. The former is costly
and may only be used in special or limited circumstances. Bore holes may be
employed if the particular site has suitable geological features. Sea water may also be
used where the process plant is conveniently placed. For large cooling systems, e.g.
power station condensers, river water is often used because of the plentiful supply at
low cost. The use of river water not only introduces microorganisms but also
particulate matter.

Common particulate material includes sand, silt, clay or quartz. To a lesser
extent, metal oxides, resulting from the corrosion of industrial equipment surfaces
may also be present within heat exchangers, cooling towers, bioreactors, etc.

In general, water from bore holes will contain low concentrations of suspended
solids, i.e., < 5 mg/1. On the other hand, the concentration of suspended particles in
river water is likely to vary according to the local geography, the climatic conditions
and the quantity of the water in the course. Work by Mansfield (1983) on a river in
the North of England shows large variations in the particulate concentration, but in
general the level was less than 5 mg/1 for 50% of the time. Rhine river water analysed
by Novak (1981) contained 5-17 mg/1 of total suspended material. Particulate matter
concentrations measured by Teixeira and Silva (1990) in a river in the north of
Portugal ranged between 10 mg/l and 65 mg/1. At a particular site the level of sand
particles in sea water was in the range 50-5000 mg/1 (Parker and Roscow, 1981).

The study of river water conducted by Mansfield (1983) revealed that the
suspended particle diameter was generally in the range 0-15 pm with two peak
concentrations at 1-2 um and 5-9 um. Larger particles are likely to be suspended if
the river flow is increased, i.e., after heavy rain or melting snow.

Suspended particle concentrations can be high in wastewaters from several
industries (before treatment): 150 mg/1 in effluents from textile industries (Teixeira,
1988); 200 mg/1 in process water used in an oil refinery (Urbano and Fernandes,
1988). A wide variety of suspended particles can be found in wastewaters, from clays
and iron oxides to fibers (e.g., cellulose, leather), insoluble waxes and colloidal
pigments, depending on the type of industry. Sometimes, the small size of such
particles reduces the possibility of eliminating them by filtration. The efficiency of
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biofilm reactors used in effluent treatment will then be affected by the presence of
the particulate material, which has to be degraded (hydrolysed) before the "clean"
liquid is dicharged from the reactor.

2. Cell-Particle Interactions

Some work has been published on the interactions between simple microorganisms
and particles: Stotzky (1966); Burns (1979); Filip and Hattori (1984); Hoppe (1984),
among others. Few data were published on the effects of particulate material on
biofilms formed in simulated cooling water systems (Lowe, Duddridge, Pritchard and
Bott, 1984; Pinheiro, Melo, Pinheiro and Bott, 1988; Oliveira, Vieira, Melo and
Pinheiro, 1990) and on biofilms used in effluent treatment processes (Sarner, 1986;
Bouwer, 1987).

The interaction between microorganisms and suspended particles is likely to
have a pronounced effect on the character and extent of biofilms adhering to surfaces
in contact with flowing water or wastewater. Threee effects may be envisaged:

1) The effect of particulate matter on the availability of nutrients to the
microorganisms and the effect on their metabolism. The influence of solid
adsorbents on microbial adhesion and metabolic activity was studied by Filip and
Hattori (1984) and by Hoppe (1984). In general, the result was an increase in the
specific growth rate and in the biological activity. Clay minerals, such as
montmorillonite, were shown to enchance biomass formation in aerobic cultures of
Saccharomices cerevisiae, but not in anaerobic cultures (Filip and Hattori, 1984).
Glucose consumption increased in the presence of montmorillonite under aerobic
conditions, as well as ethanol production by unit mass of consumed glucose. This
effect was seen as the result of the adsorption of metabolic inhibitors by the clay
particles. Higher growth rates of Aeromonas sp. were found in the presence of kaolin
particles (Hoppe, 1988) and were explained by "physiological changes" in the
attached cells. Stotzky (1966) concluded that clay minerals stimulated bacterial
respiration by removing or neutralizing acidic metabolites that decrease the pH to
an inhibitory level. Burns (1979) pointed out that the adsorption characteristics of
clays are particularly high due to their ability to expand in water, increasing the
available surface area (external and internal).

However, in different conditions, chemical activities of non-growing cells of
Pseudomonas fluorescens, E. coli and others were reduced by the adhesion to resin
surfaces (Filip and Hattori, 1984).

To explain the effect of kaolin particles on biofilm formation by Pseudomonas
fluorescens in turbulent flow situations, it has been suggested (Pinheiro et al., 1984;
Oliveira et al.,, 1990) that kaolin particles adsorb substrate molecules into their
surface that help to concentrate nutrients to the benefits of growing bacteria. This
effect would be particularly significant when particles become incorporated in the
biofilm, i.e., providing additional nutrient transport to the microorganisms
residing in the biofilm on the surface, over and above that provided by natural
diffusion.

2) The erosion effects of the particles that leads to the removal or suppression
of biofilm formation. It has been suggested by Bour and Battaglia (1981) that low
levels of biofouling experienced in condensers are due to the scouring effect of solid
particles.

3) The presence of the biofilm enhances the capture of particulate matter from
the flowing systems that increases the accumulation of material on surfaces.
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3. Simulated Cooling Water Systems

Studies of laboratory cooling water systems have been made by Lowe (1988),
Pinheiro (1987) and Vieira (1992) and some data published (Lowe et al., 1984;
Pinheiro et al., 1988; Oliveira et al., 1990). Although the work was carried out in two
different laboratories, the principle of the experimental apparatus used in the
studies is the same.

In order to facilitate consistent operation of the system, a single
microorganism Pseudomonas fluorescens was grown under carefully controlled
conditions in a laboratory fermenter. Once the fermenter had reached steady state, it
was possible to draw off a constant supply of bacteria that could be introduced
continuously in the circulation loop. The procedure ensured a constant
concentration of cells in the flow system. A suspension of kaolin and a nutrient
stream were added to the circulating system so that a fixed concentration of kaolin
was maintained together with a constant concentration of substrate assessed in
terms of glucose concentration. Kaolin was choosen as the suspended solid since it
represents clay particles that might be encountered in an industrial cooling water. In
order to maintain concentrations and to allow for the addition of fresh water in the
various streams, a constant bleed of water ensured constant conditions within the
system. All solutions and suspensions entering the circulation loop were sterilised
before use and the fermenter was operated aseptically, apart from the inoculum of
the test bacteria.

The velocity, temperature and pH of the circulating water were monitored and
controlled. Specially designed test sections allowed the decay in heat transfer
coefficient to be observed or the accumulation of deposit to be measured. The test
sections were mounted in the vertical position to avoid gravitational effects. Details
of the experimental conditions have been described (Lowe et al., 1984; Oliveira et al.,
1990) and are summarised in Table 1. .

TABLE 1: Summary of experimental conditions.

Lowe (1988) Vieira (1992)
Microbial cell concentration 107 cells/ml 6.107 cells/ml
Kaolin concentration 5mg/1 150 mg/1
Original kaolin particle size 2-5um 12 um
Glucose supplement to give 2 mg/1 20 mg/1
pH of circulation water 7 65-7
Recirculation residence time 20 minutes 70 minutes
Temperature 25°C 27°C
Flow velocities 1.5, 1.2,0.5m/s 0.9,0.6,0.3m/s
Test sections Tubes 15.6 mm Semi-circular ducts
internal diameter, 18 mm hydraulic
diameter,
576 mm long fabricated 1m long, made of
from 316 stainless steel aluminium

Physical property
measured to assess the
amount of biofilm Weight Thermal resistance
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3.1 DATA FROM LOWE (1988)

The amount of biofilm accumulation in Lowe's work was assessed by weighing the
tube before and after the appropriate time lapse, as explained elsewhere (Lowe et al.,
1984). Data obtained in these tests are summarised in Table 2. The data demonstrate
that at the low kaolin concentration of 5 mg/1 there is little difference in the mass of
biofilm obtained when compared with identical operating conditions with no kaolin
present.

TABLE 2: Data on maximum biofilm wet mass (Lowe, 1988).

Velocity Maximum wet mass Approximate time to
(g/cm2x 104  achieve maximum wet mass (hours)
(m/s)
5 mg/1 kaolin No kaolin 5 mg/1 kaolin No kaolin
in suspension in suspension in suspension in suspension
0.5 60 105 250 250
1.2 175 105 210 240
1.5 250 300 220 230

It would also appear, from Table 2, that as the water velocity increases the maximum
value of the mass of bioflm (plus adhering particles) also increases.

Table 3 provides data on the inorganic and organic content of the biomass, as a
percentage of the total wet biofilm. These data were obtained by weighing to a
constant mass at 50°C, and the organic content was taken as the difference between
this mass and the mass after exposure to air at 500°C in a muffle furnace. The final
mass of the residue gave an indication of the inorganic content of the particular
biofilm.

TABLE 3: Inorganic and organic content of biofilms containing kaolin

(Lowe, 1988).
Velocity Inorganic content as Organic content as
flow (m/s) % of wet biofilm mass % of wet biofouling mass
0.5 4.54 1.21
1.2 6.26 1.38
1.5 6.25 1.47
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The increase in biofilm mass with the fluid velocity is accompanied by a similar
increase in the fraction of inorganic particles in the biofilm. Therefore, in spite of
the higher water velocities, the presence of a larger fraction of kaolin particles seems
to reinforce the deposit structure against the shear stress effects.

Experiments were conducted to investigate the scouring effects of both kaolin
and sand at different surface shear stress in comparison to the removal effects of
water alone. Lowe showed that there was little difference between removal achieved
by kaolin in suspension in concentrations of 50, 1000 and 5000 mg/l and water
alone on established biofilm. At a shear stress (calculated from the Blasius equation)
of 75 N/m2, approximately 75% of the original biofilm had been removed in both
cases.

For a sand suspension of 5000 mg/1 and above, there are indications of
enhanced removal compared to water alone. At around 75 N/m?2 shear stress,
approximately 90% of the biofilm was removed for fine sand suspensions of 5000
and 20000 mg/1. A suspension of coarse sand at a concentration of 20000 mg/1
removed 95% of the original biofilm.

3.2 DATA FROM VIEIRA (1992)

Table 4 indicates the maximum (asymptotic) thermal resistances of the biofilms
obtained by Vieira (1992), with and without kaolin in suspension. Reynolds numbers
varied between 3500 and 10000, approximately.

TABLE 4: Asymptotic thermal resistance of biofilm (Vieira, 1992).

Fluid Maximum thermal resistance of biofilm (after 10 days)
velocity m2.K/Wx 104
(m/s)
150 mg/1 of kaolin No kaolin
in suspension in suspension
0.28 42 —-
0.34 ——-- 42
0.54 ——— 31
0.59 32 —
0.82 -—- 10
0.87 20 ——-
1.24 7.4 3.6

Two conclusions may be drawn: a) the maximum thermal resistance of the biofilms
decreases with increasing velocity: b) the presence of kaolin enchances biofilm
development, although this effect is more clear for higher velocities.

It should be stressed that the thermal conductivity of kaolin particles is lower
than that of the pure biofilm, which could explain the higher thermal resistances of
the mixed biofilm. To test this argument, some experiments were carried out where
nutrients were removed from the fluid once the deposit thermal resistance reached
its maximum value.
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TABLE 5: Effect of nutrient exclusion on biofilm development (Vieira, 1992).

Fluid Interval from the time the nutrients were excluded
velocity to the time the biofilm began to collapse

(m/s)

150 mg/1 of kaolin No kaolin
in suspension in suspension

0.34 2.5 days 2 days

0.52 ---- 1 day

0.59 2.5 days -

0.71 2.0 days 1 day

0.93 2.5 days 1 day

Table 5 shows that some time after the exclusion of the nutrients the amount of
deposit started to decrease. However, the mixed deposit (bacteria + kaolin)
maintained its structure intact for a longer period than the biofilm containing only
bacteria. This suggests that the mixed deposit contains a higher amount of nutrients
which enables the bacteria to survive for a longer period after the substrate has been
removed from the suspension. An explanation could be that the kaolin particles may
act as reservoirs of nutrients in the biofilm, or that the deposit has a different
structure which facilitates the internal diffusion of nutrients.

Once more, the differences between the two types of biofilms can be more
clearly detected for higher than for lower water velocities. In fact, higher velocities
result in higher diffusion rates of substrate and particles towards the biofilm which
may contribute to a higher availability of nutrients in the inner layers of the
deposit.

3.3 COMPARISON BETWEEN THE RESULTS OF LOWE AND VIEIRA

Altough the two sets of results were obtained in similar rigs, the operating
conditions were different, mainly as regards the concentrations of nutrients and
kaolin in the suspension. A striking difference is the effect of fluid velocity on the
amount of biofilm formed. Lowe's experiments were made with a much smaller
concentration of nutrients leading to much thinner biofilms than in Vieira's tests.
Taking, for instance, the biofilm obtained by Vieira with the fluid flowing at 0.59
m/s, and considering that the values for biofilm density and thermal conductivity
are not far from those of the water (Characklis, 1981), the mass of biofilm
corresponding to the thermal resistance of 32.104 m? K/W will be 0.19 g/cm?2. This is
32 times greater than the biofilm mass obtained by Lowe (0.006 g/cm?) at the velocity
of 0.5 m/s.

It is well known that the shear effects of the liquid usually increase as the
thickness of the deposits increase. Therefore, these effects would be much less
pronounced in the tests performed by Lowe and even less if it is assumed that the
kaolin particles tend to reinforce the structure of the biofilm. The data shown in
Table 3 support this hypothesis, since the percentage of inorganic particles in the
deposit increases with the fluid velocity.
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On the other hand, the biofilms produced by Vieira are much thicker and less
resistant to the shear stress, their upper layers being easily removed by the water
flow - in such a case, the higher the velocity the thinner the deposit will be.

Another difference between the two sets of results is the fact that the presence
of kaolin appears to favour the development of the biofilm in Vieira's experiments,
but not in Lowe's. Surely, the effect of kaolin must be much more "visible" if large
concentrations of particles are used, as in the work of Vieira.

4. Biological Treatment Systems

The effect of particles in effluent biological treatment processes is usually described
in terms of the need to hydrolyse the particles (Sarner, 1986; Bouwer, 1987; Olthof
and Oleszkiewicz, 1982), little being said about the characteristics and behaviour of
the biofilm under such conditions.

Since the time for hydrolysis is greater when particles are present in the
effluent, this process may become the rate limiting step for the conversion of
substrate. It was stated that the adsorption of organic particles on the biofilm
surface decreases the rate of degradation of soluble substrate (Sarner, 1986), since
they may cause a shortage of oxygen in those zones. This effect was measured only at
high substrate concentration and at reasonably high temperatures, that is when
oxygen consumption is highest. Curiously, when low nutrient concentration and low
temperatures were used, the opposite effect was observed.

5. Concluding Remarks

It appears, from the literature, that:

1) The amount of data available on particle-bacteria interactions in biofilms
is too scarce in order to have a sound opinion on the subject.

2) The effect of suspended particles on biofilm formation is very dependent on
the operating conditions and, particularly, on the kind of particles and
microorganisms present. The result can be either an enhancement of biofilm growth
and stability, or the reverse.

3) Clearly, more work has to be done, both in cooling water and in effluent
treatment systems so that the mechanisms for avoiding or promoting biofilm
formation may be better understood.
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1. Introduction

The surface of metals can usually be considered as a shifting mosaic of anodes and cathodes,
which continuously relocate as areas become more or less passivated compared to their
surroundings. This usually results in the slow process of generalised attack over the whole
surface or in the formation of overall passivating layers of metal corrosion products. The
development of a biofilm at the surface will form a relatively stabilised matrix which may have
numcrous cifects on the clectrochemical processes but particularly in retaining a point source
ol chemical activity in a fixed position on or near the metal surface. It may be argued that this
is also true in the case where a bacterium simply adheres to the metal surface, but there
diffusion is relatively unimpeded, except over a very small contact arca. In the case of the
biolilm with its macromolecular gel structure diffusion can be restricted, and bearing in mind
the heterogencous distribution of the components, biological and abiotic, the development of
differential concentration regions is of supreme importance.

The opposite question of whether corroding metals encourage biofilin formation by providing
localised regions with more favourable physiochemical properties onto which microorganisms
could adhere, is a point considered by Little et al.(1990).

Corrosion is cssentially a metal attempting to return to its most stable form in the surrounding
cnvironment. The process by which this happens is the linkage of two reactions, the anodic
reaction occurs as metal ions leave the metal surface with the stripped electrons passing through
the metal to a second site, the cathode, where the electrons can be dissipated through reduction
reactions.  The malerial being reduced can vary depending upon the environment. The
following reactions are most typical.

Neutral-alkaline, acrobic media:-

2H,0 + O, + 4¢” — 40H )
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Acidic, aerobic media:-
O, + 4H" + 4¢° — 2H,0 2)
Acidic, low oxygen-anacrobic media:-
2H* + 2¢° > 2H — H, 3)

However, under certain circumstances various other materials may be reduced e.g. in crevices
on copper,

Cu" +¢e— Cu’ 4)

leading to the deposition ol nascent copper metal. Organic materials may also take part in
cathodic reactions.

These corrosion reactions will take place if thermodynmically favoured in any moist medium.
However, unless very stringent precautions are taken, surfaces in contact with non-toxic aqueous
environments will inevitably develop a surface-attached microbial community. The types of
organisms present, their overall numbers and relative populations will vary according to the
environment with numecrous factors relating to nutrients and physico-chemical parameters
involved.

The process ol biofilm formation on metallic surfaces is similar to that on any other surface,
except that if corrosion can take place then corrosion products may become an integral part of
the biofilm structure. This may modily the chemical and microbiological characteristics of the
biofilm.

The result of corrosion is that the surface of the metal will become coated with one or usually
more of an cnormous range of corrosion products, which may include hydrated oxides,
hydroxides and other basic salts. Some metals like titanium or high molybdenum stainless steels
rapidly form a protective superficial coating which smothers the corrosion reactions and
produces a passive state. However, most metals although forming layers of corrosion product
and becoming stabilised may begin to corrode again rapidly if the localised chemical conditions
change. It is by mediating this change of conditions that microorganisms can interact with
metallic surfaces.

2. Biofilm formation

The development of a biofilm on a surface is a stepwise process. Initially adsorbed organic
molecules bind irreversibly to the surface (see Chamberlain, this volume) to create a poorly
defined interface. It is worth stressing that some corrosion products, such as iron hydroxides and
hydrated oxides, may scavenge organics very effectively (Table 1), thus building up
considerable reserves ol carbon- and nitrogen-rich materials which may be available as nutrients
to at least some of the members of the bacterial community.

Morel and Palenik (1989) indicated that trace metals and anions could also become bound
onto oxide layers but that these processes were highly pH dependent. This may be significant
as one of the major features of active biofilm presence on a surface is its ability to modulate
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the pH close to the surface, olten in a rather “patchy" way. It is also possible that the organic
molecules actively compete for at least some of the oxide metal binding sites and also
physically block others so the final position is almost impossible to predict.

TABLE 1. Atomic percentages of carbon, oxygen and nitrogen following adsorption of
dissolved marine organics onto mild steel or rust deposits.

Material and Organic Relative atomic percentage
contact time Concentration
(hours) mgl"! Carbon Oxygen Nitrogen

Metal, 1 1 28.5 36.7 trace
10 29.2 41.2 trace
100 29.8 41.1 trace

Mectal, 3 1 27.7 49.9 0.5
10 31.2 48.5 0.3
100 30.8 49.0 trace

Rust,3 1 36.3 23.7 1.0
10 39.5 31.5 0.7
100 35.0 26.3 1.4

The composition of the biofilm itself is again highly dependent upon the environmental
conditions. Initial attachment of individual bacteria will give rise to a very disjunct community,
and the development of this will be a feature of the mass transfer conditions, largely controlled
by the number of cells in suspension, the flow velocity and turbulence of the medium.

The biological components of biofilms are not restricted to bacteria but may also include
Fungi, Protozoa and ol particular importance in illuminated environments, Algae and
Cyanobacteria

Once firm attachment has occurred cells may grow on the surface at the expense of bulk or
surface-bound nutrients, leading to cell division which ultimately creates a mosaic of micro-
colonies across the surface. Under certain conditions these may become confluent to achieve
a complete surface layer, but the colonies may remain distinct for a long time. Fletcher and
Floodgate (1973) indicated that adhesion of bacteria is frequently followed by the secretion of
extracellular polymeric substances (see also Cooksey, this volume). These materials are of the
utmost importance in biofilm formation and represent the so-called biofilm matrix which acts
as the adhesive holding the entire structure together. The nature of this matrix can be very
variable in chemical composition and physical propertics, and both of these aspects may have
a profound effect on the biofilms’ influence on the corrosion process. Some algae too may
contribute large volumes ol polysaccharide extracellular mucilage. The diatoms are especially
important, where the polymers are mainly acidic, due to uronic acids or half - ester sulphate
groups (Danicl et al.,1980)

The biofilm is visualised as a thin film of highly hydrated polymeric material containing some
95%+ of waler and showing visco-elastic properties. The chemical nature of the matrix is
frequently complex, but is predominantly polysaccharide. The type and number of reactive
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groups, such as uronic carboxyl, side-chain carboxyls( e.g.pyruvate carboxyls in xanthans),
amino groups and others such as phosphate, which may have a considerable role in binding
reactions, depend upon the species present and the nutrient levels. These matrix materials are
produced by the bacteria within the surface community and each species may produce a polymer
which differs in basic composition or stereochemistry. This means that across a biofilm a
mosaic ol matrix polymers may exist both in the horizontal and verical dimensions.

The microbial cells themselves are also an important component of the biofilm as their
metabolic activities not only supply the matrix polymers but also other low and high molecular
weight compounds, and act as a point sink for nutrients and oxygen if heterotrophic.
Photoautotrophs, such as algae and cyanobacteria, will produce oxygen when illuminated, but
will deplete CO, or HCO4 which can have major effects on pH and buffering capacity (see
later).

In addition to the microorganisms and their extraccllular secretions, biofilms may also contain
numerous other components including particulate organic materials such as humic materials
(Fig.1), inorganic mincral particles from the medium, such as clay minerals (Fig.2), together
with inorganic corrosion products derived from metallic surfaces in the system (Fig.3). All of
these components will be active adsorption sites for organic and inorganic species and hence
the composite biolilm can be scen as a highly complex, highly reactive and interactive layer
applied intimately to the metallic surface.

A

Figurc 1. An SEM ol a humic acid rich surface film on copper pipe.
Figure 2. A (ransmission electron micrograph of a bacterium surrounded by clay mineral
particles in a marine biofilm.



211

Figure 3. Lipid-rich film on mild steel with associated fincly particulate corrosion products.

The question to be considered now is what roles does this family of structures play in metal
corrosion? This may be divided into a number of facets:-
a) Physical effects - diffusion barrier
- reduction of turbulence & surface flow
- reduction of heat transfer where applicable

b) Chemical effects - these can be considered as acting on the anodic reaction, the
, cathodic reaction, or influencing both.
i) Anodic reaction - prevention of anodic polarisation

through metal ion complexation
and/or binding.
ii) Cathodic rcaction - modulation of reducible
specics.
- supply of reducible species
iii) Dissolution of protective oxide/hydroxide layers.
iv) Seclectivity ol ion permeability.
v) Effect upon pH.
However, the most important aspect of all the diffusion and chemical effects is the creation
of differential concentration cells producing galvanic corrosion cells.
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3. Oxygen diffusion

It is necessary to point out that rate of O, diffusion through the extremely hydrated polymeric
matrix itself is very unlikely to be significantly different from that of water. It is only in the
presence of bacteria carrying out aerobic respiration that O, diffusion will be limited and as
described above, can lead to complete anaerobiosis at the biofilm/metal interface.

This opens up a further question, not of oxygen consumption but its generation at metallic
surfaces, particularly if they are illuminated. Some preliminary ideas on photochemical events
at a biofilmed, metallic surlace have been put forward by Morel and Palenik (1989), but the
development of biofilms containing organisms carrying out oxygenic photosynthesis will result
in the delivery ol purc oxygen directly onto the metal surface, stimulating the cathodic reaction.
This was proposed as a key [eature of the formation of thick films of the diatom Amphora on
90:10 copper-nicke!l in marine cnvironments and the subsequent sloughing of the entire
corrosion product/biofilm complex (Chamberlain and Garner,1988).

Schiffrin and de Sanchez (1985), using well defined rotating disc electrode techniques, were
able to show that on copper and copper alloy surfaces, biofilm effects on corrosion could be of
two types, either sulphide generation (via SRBs or acrobic proteolysis), or oxygen diffusion
limitation. In the latter, current densities were more than doubled in seawater saturated with
oxygen. Elevated oxygen levels can also raise the metabolic rate of the heterotrophic
community, leading to enhanced sceretion of metabolites, some of which may further influence
the corrosion reactions.

Regions of biofilmed metal which have been exposed to sulphide as a result of anaerobic SRB
activity and have incorporated metal sulphide(s) into the surface oxide layers often show very
high corrosion rates when exposed to oxygen (Chamberlain et al.,1988b).

There arc some bacteria, which although anaerobic are able to carry out a form of
photosynthesis which gencrates not oxygen but sulphur. This is an extremely aggressive element
to many metals and has been shown to cause considerable damage (Cragnolino and Tuovinen,
1984).

4. Effects of pH

The pH of the clectrolyte has a profound cffect on the chemistry of the cathodic reaction and
its product(s) and also on the stability of the protective layers. Thus, the dissolution of an oxide
layer will enable the anodic process to restart. This can also be a major factor where cathodic
protection has been applied as a means of preventing corrosion. The effectiveness of the
cathodic protection depends at least in part on the precipitation of calcareous scales due to the
high pH produced by the forced generation of OH™ ions. If this calcareous scale is dissolved by
acidic secretions, then further continued corrosion will occur. A recent computer model,
developed by Dexter and Lin (1992), and supported by microelectrode measurements, suggested
that calculated values of pH at applicd current densities of less than 20uAcm™ could be seriously
in error in the presence of actively metabolising organisms. Calculation showed that where
oxygen reduction on steel in scawater was the sole cathodic reaction, the maximum surface pH
obtainable is 9.9. However, if H, evolution occurred higher pHs were possible. Simple
impressed current experiments using clectrodes buried in agar containing BDH Universal
Indicator (van Woerkom and Chamberlain, unpublished), suggest that values close to pH 11 are
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demonstrable.

Lewandowski et al.(1989) also utilised pH microelectrodes to investigate biofilms on metallic
surfaces, again under cathodic polarisation, and indeed showed that beyond the point of H,
evolution, the pH continues to rise due to the following reaction:-

2H,0 + 2¢" — H, + 20H" 5)

They were also able to show that the medium, 3.5% sodium chloride solution or artificial
seawater, had a significant effect on the pH obtained, because the bicarbonate in seawater
buffered the system below pH 10, whilst the NaCl rose to pH 10.5. The presence of
microorganisms can significantly cffect the buffering capacity of the medium in close contact
with the meltal surface. They also caused a decrease in the measured current density by
competing lor the dissolved oxygen. This may be of considerable significance in cathodically
protected systems. If the O, levels are scavenged to very low values, then there will not be
enough OH™ (o generate the calcarcous films.

The oxygen consumption by the microorganisms in the film was sufficient to reduce the O,
levels completely, giving anacrobic conditions at the base of the film.

Such a process is also highly likely to occur in many situations where deposit attack takes
place. Although there arc undoubtedly some instances where high levels of deposit in slow
moving waler acl independently, staining techniques indicate biopolymer matrix is frequently
present (Chamberlain and Nuttall, unpublished).

The formation of biofilms on surfaces is a completely natural process and can even occur on
what might be considered toxic materials. For instance, copper and its alloys have been
considercd "naturally antifouling” because of the slow release of copper (II) ions. However,
although this mechanism may be effective on initial immersion, and even last for several weeks,
the surfaces do eventually develop biofilms of organisms which are "selected" by the surface
due to their copper tolerance. Similar results have been obtained with silver. Once established,
these biofilms may then be an agency for corrosion to occur.

The production of extracellular polymers appears to play a key role in this protection from
toxic metals as described for Klebsiella acrogenes exposed to copper and cadmium ions (Bitton
and Freihofer, 1978). Corpe (1975) showed a similar effect of extracellular polymers produced
by marine bacteria exposed to copper.  Angell and Chamberlain (1990) also found additional
quantities of polysaccharide polymers were produced by Pseudomonas paucimobilis (now
Sphingomonas paucimobilis) in the presence of copper.

There is ample cvidence, particularly from the results of Geesey and his co-workers (Geesey
and Bremer, 1990), that matrix polymer alone may be capable of at least initiating corrosion in
the case of copper. It is of some interest that the dissolution of a thin copper film from the
surface of an FTIR - Internal Reflection Element (IRE) by a bacterial isolate appeared to be
correlated with flow conditions (Bremer and Geesey, 1991a). During a 330h flow regime no
deterioration of the copper occurred, but shortly after flow was stopped, the calculated corrosion
rate rose ten-fold. Bremer and Geesey (1991b) were also able to show an increase in the
quantity of exopolysaccharide on the copper surface concomitant with the elevated corrosion,
and could show that under static conditions, copper dissolution was equally rapid.

However, it is important 10 recognise that biofilm matrix is an extremely complex mixture
of materials and will contain a variety of functional groups capable of binding metal ions. Ford,
Maki and Mitchell (1987) showed that on further purification of a polymeric matrix isolated
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from Deleya marinia grown in suspension, the loss of metal binding capacity was mirrored by
a loss of protein. Bremer and Geesey (1992) have also noted this feature, and certainly it was
apparent using the staining procedures developed by Chamberlain et al. (1988) that proteins are
usually present in natural and many artificial biofilm matrices.

Detailed examination of these various publications, however, does suggest that considerable
emphasis has been placed on binding studies and analyses of polymers produced by cells in
batch, suspension cultures. More recent work by Angell and Chamberlain (1991) has shown
that polymers produced by aerobic bacterial cells on surfaces may be quite different from those
in suspension culture. A similar situation was demonstrated by Beech et al.(1991) for the
anaerobe Desulfovibrio desulfuricans. Thus, although the detailed metal ion binding work is
of interest, it may not be of direct relevance 1o the corrosion scenario. Nevertheless, there may
be good arguments 1o consider what corrosion activities are possessed by organisms growing
in suspension culture,as this may often be the preceding state before the movement of cells onto
a surface. The topic of this communication, however, is to consider the biofilm situation.

It is perhaps worth considering il all metals can become substrata for biofilm development.
There arc certainly some metals which only become colonised very slowly in nature. Barrett
and Chamberlain (unpublished) found that silver mesh remained essentially biofilm-free in a
river system over a period of several months. Silver coupons also remained "clean" for several
months in a marine harbour environment, whilst gold was rapidly colonised (Chamberlain,
unpublished). The other main scries of materials which show some resistance to film formation
is copper and its alloys, especially the copper-nickels; Efird (1976) also suggested zinc in
seawater. Binding ol the toxic metal ions by the biofilm matrix allows subsequent colonisation
ol a surface by organisms with little or no resistance.

It is probably worth re-iterating an observation by Dempsey (1981) that the leaching of toxic
ions may actually cncourage biofilm formation by metal tolerant bacteria, because competitors
and predators arc predominantly repelled or killed.

5. Corrosion detection methods

Recently several review papers have considered electrochemical techniques for detecting and
attemplting to interpret the mechanisms of microbial corrosion (Dexter et al.,1989; Little et al.,
1991; Mansfeld and Little, 1991). The overriding problem where microorganisms are involved
lies in the prevalence of pitting or highly localised corrosion, so that many techniques which
arc standard in the corrosion field are unable to distinguish these types of attack. Simple
corrosion potential, redox polential or polarisation resistance measurements alone cannot usually
yield sufficient information for successful interpretation of the role microorganisms might be
playing. However some tcchniques, such as electrochemical impedence spectroscopy, show
considerable promise (Franklin et al., 1991a) although the interpretation of the derived spectra
is olten difficult. Conventional polarisation sweeps, used in conjunction with supporting
techniques like scanning electron microscopy and energy dispersive x-ray analysis, are still a
valuable source of information about possible electrode reactions but care must be taken to limit
the range ol the sweeps or major damage to the surface film can give totally distorted
impressions (Dowling ct al., 1988).

A recent further report by Franklin ct al. (1991b) has introduced a useful, non-destructive
technique which shows considerable promise for the investigation of the rather localised events
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associated with bioflilm/MIC; the scanning vibrating electrode. This instrument was used to map
the current density over a working clectrode surface and, in combination with open circuit
potential and polarisation resistance (Rp) data, showed that in sterile medium, or spent growth
medium from which all organisms had been removed by centrifugation, the normal initiation
of pits was quickly lfollowed by repassivation. Where the experiments were repeated in the
presence of a Pseudomonas the open circuit potential fell below -600mV(SCE), whereas in
sterile medium it rose above -200mV(SCE), and initiated pitting continued to propagate. The
suggestion was advanced that the biofilm created by the pseudomonad with its copious matrix
polymer could produce areas coated by ‘membranes’ that inhibit the diffusion of aggressive ions
out of the pits, or passivating ions, such as phosphate, inwards. A similar concept of
‘membranc-like’ properties for microbial biofilm involved in corrosion has been advanced by
Wagner ct al.(1992) in the case of copper pipework carrying certain types of freshwater.

6. Conclusions

Despite the difficultics in proving conclusively that a corrosion event has been caused
exclusively through microbial activity, there is now a general acceptance that it can and does
occur on a wide range of metals and their alloys (Dowling et al.,1991). Many different
mechanisms have been proposed, some as a result of extrapolating from the known metabolic
pathways of various groups ol organisms, others as a result of careful examination of corrosion
products and the subscquent controlled modelling of a system under laboratory conditions. It
is important that such laboratory-based test systems should attempt to reproduce as accurately
as possible the operaling parameters and conditions where the corrosion was originally
expericneced. This is especially important in the case of the fluid medium. Castle et al.(1984)
and Castle ct al.(1988) showed that the adsorption of dissolved organics onto copper-nickel
played a significant role in the cathodic reaction at low oxygen tensions. Also, rather different
corrosion product minerals may lorm in a ’living’ seawater compared to an artificial, synthetic
medium.

The preceding pages show that, in most environments which experience temperatures above
freezing and below about 70°C, a metal exposed to an aqueous medium containing an inoculum
of microorganisms with sufficient nutrients to grow, will develop a surface biofilm and in many
circumstances undergo some form of microbially associated corrosion. In most cases, this will
be due to the establishment ol some heterogeneity across the metal surface, leading to some
form of pitting.
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1. Introduction

"What is the good of that,” said Rabbit.
A.A. Milne, The House at Pooh Corner.

Process Analysis refers to the application of systematic methods to recognize, define and
clarify problems and to develop methodologies for their solution. Biofilm formation and
persistence in both natural and engineered systems is governed by a collage of complex physical,
chemical, and biological processes; each process dependent on a unique set of system parameters.
Process analysis applied to biofilm formation provides an integrated approach which
incorporates microbial physiology, reaction engineering, and transport phenomena to
understand, control, and exploit biofilm processes. Application of process analysis allows one to
(a) interpret the operation of an existing biofilm system, (b) design new biofilm reactor systems,
and (c) understand the complexities of natural biofilm systems. It is increasingly apparent that
research into biofilm processes which does not comprise microbial, chemical, and fundamental
engineering aspects is incomplete.

Here, we will present the concepts of process analysis and the rate concept approach to
mathematically describing complex reaction systems as exemplified by the formation and
persistence of a biofilm. The basis of process analysis lies in the fundamental conservation
equations of mass, energy, and momentum. Application of process analysis and the rate concept
provides a systematic protocol with which to either interpret an existing reaction system or to
design and operate a new system. First, we will define various model types and their relative
utility with special attention paid to both structured and unstructured model concepts. Second,
those processes contributing to the formation and persistence of a biofilm will be enumerated
and the individual rate expressions for these fundamental processes discussed. Errors
associated with ignoring the involvement of these individual rate processes in cell adhesion
and biofilm formation are also described.
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2. Process Analysis, the Rate Concept, and Mathematical Modeling

It is one of the maxims of civil law, that definitions are
hazardous.
Samuel Johnson

Process analysis is simply a method of mathematical describing a complex phenomena as the
net result of a number of individual fundamental processes. The rate concept more specifically
assumes that changes in the state of a system with time can be systematically treated as the
summation of the rates of the individual processes acting on the system. As implied, some
degree of modeling of the biological system is posed, predictions of the model compared to
observation, and the model verified or refuted. Thus, modeling must be, by nature, an
evolutionary process in order to provide insight about a system.

"...as we advance into the terra incognita of
tomorrow, it is better to have a general and
incomplete map, subject to revision and
correction, than to have no map at all.
Alvin Toffler, Power Shift, p. xxi

Modeling is basically the scientific process of forming and testing a hypothesis. A model
need not be mathematical nor need it exactly replicate reality. A road map is a model of a
section of the Earth that allows one to successfully navigate from point A to B without
representing every house or structure that actually exists. Models need not (and can not)
simulate all details of a system to be of use. Models are simply our inherent tendency to explain
unknown phenomena based on perceived principles. A good portion of basic science is predicated
on proving or refuting such hypotheses. Mathematical models do provide a rigid structure with
which to formulate concepts regarding a complex system. Mathematical models provide a
means of verifying the goodness of a model by way of many statistical criteria. Important
variables and system parameters can be easily identified and, through the use of dimensionless
groups of such variables, mathematical models can expedite experimentation. And should the
mathematical model prove successful in correlating observable data from a system at one set of
conditions, then one has the ability to extrapolate; predicting the responses of the system under
a variety of different conditions.

Though this be madness, yet there is
method in't.
Shakespeare, Hamlet, Act II, Sc. 2

Three basic types of models are: (1) transport or continuum models, (2) population models,
and (3) empirical or statistical models. Residence time distributions and synchronous growth
are examples of population models while statistical regression of data sets is an example of
empirical models. Transport models, the type considered here, essentially account for the
changes of either mass, energy, or momentum in a continuum or defined control volume.
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Consider the control volume illustrated in
Figure 1. The control volume can exchange mass,
energy, and momentum with its surroundings as
indicated by the arrows. The conservation
equation for mass equates the rate of
accumulation within the control volume to the
net rate of input into the control volume plus the
summation of all process rates producing or
consuming mass in the volume. A verbal form of
the conservation equation for the mass of a
Figure 1. Continuum Approach to component C can be expressed as follows:

the Conservation of Mass

Net rate of accumulation =  +rate of transport of C into the volume across area A
of C in control volume - rate of transport of C out of the volume across area A
+ 2, (all transformation processes generating or

consuming C within the volume V)

The net accumulation rate and the rates of transport into and out of the volume are termed
rates of change or system rates in that they represent the observed change in the measured
component. System rates are extensive quantities and are by definition system-specific and can
not be correlated to fundamental parameters (e.g., temperature, velocity) describing the system.
Unfortunately, all too often many try.

Transport rates comprise bulk transport (movement of component due to the flow of the bulk
liquid), interfacial or interphase transport (transport across the interface between two phases),
and intraphase transport (transport within one phase due to a gradient - e.g., diffusion). One
common criterion regarding a transport rate is that changes in a component's concentration (in
the case of mass transport) are not due to a molecular change in the component.

Conversely, process rates describe transformations that occur due to either chemical,
biochemical, or biological reactions that either produce or consume the component. Process rates
are fundamental intensive quantities in that they can be correlated to system parameters such
as temperature, pressure, concentration, and velocity. Process rates and their correlation to such
fundamental parameters are independent of the system in which they occur.

Process or transformation rates comprise two fundamental concepts: stoichiometry and
reaction rate kinetics. Stoichiometry provides the relative basic molar quantities of the
various reactants and products within a balanced reaction. Stoichiometry for a given set of
components comprising a reaction establish the thermodynamics of the system. For example,
consider the chemical oxidation of glucose,

CeH120¢ + 602 = 6CO7 + 6H2O r 1)
which states that 1 mole of glucose reacts with 6 moles of oxygen to form 6 moles of carbon

dioxide and water. Mathematically, a reaction stoichiometry for N number of reaction
components M can be expressed as,
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N
Y aMi=0
i=1 (2)

where aj is the stoichoimetric coefficient of the i-th component and M;j is component i. The
convention is that stoichiometric coefficients, aj, for reactants have negative values while
products have positive coefficients - e.g., in Eqn. (1), the coefficients for glucose, oxygen, carbon
dioxide, and water are -1, -6, +6, and +6, respectively. The term r in Eqn. (1) is the rate of
reaction and has units [moles of reaction/volume-time]. Stoichiometry allows one to relate the
rates of appearance of all components to each other as follows,

a; a Coaj 3)
where r] = the rate of appearance of component 1, and so on.

The other portion of the process rate is the reaction rate itself. While stoichiometry
relates to the molar ratios of components in a transformation, kinetics refers to how fast the
transformation occurs. If a reaction rate is homogeneous, it is said to occur uniformly throughout
the reaction volume V and is expressed as the number of moles reacted per unit volume per time.
Heterogeneous reactions occur at the interface between two phases and do not occur uniformly
throughout the reaction volume; heterogeneous reaction rates are more commonly expressed on a
per unit surface area or per unit weight of reacting surface. Rate expressions are mathematical
functions that relate the reaction rate to basic fundamental parameters, - e.g.,

r = f(temperature, concentration, etc.)

Typically, chemical reactions are described assuming this function can be written as the product
of a number of separate functions,

r = fi(temperature)f2(M1, Ma, ... Mj)

For example, in chemical kinetics, the most common approach is the power-law expression
where,

r=kMpY M* ... My)? )

and k is a function of temperature only. The exponents in Eqn. (4) are referred to as the orders of
the components in the reaction where in this example,

r = k CIDOSE-2 5)

the reaction rate is first order in component C and half order in component D. The reaction rate r
varies with the concentration of E to the -2 power.

It is critical to further discussions that the distinction between a process rate and a system
rate be clear. Consider in Figure 2, a mass balance on component C that reacts in a reaction vol-



225

F (volumeltime)
Co (mass/volume)

F,C, &
Products

a™

Figure 2. Mass Balance for C over an Ideal
Continuously Fed Stirred Tank Reactor

ume V receiving a continuous supply of reactant C at an inlet concentration Cy. A homogeneous
reaction acC — apD occurs in the reactor and its rate expression can be assumed as, rc =

ackC*. 1t is assumed that mixing in the volume is sufficient to eliminate any concentration
gradients. A mass balance on the reactor, illustrated in Figure 2, can be stated verbally as
follows. . .

The Time Rate of Net Transport Rate All Reaction Rates
Change of the Mass = of Component C + Producing or
of Component C Into the Reactor Component C

or mathematically,

vdc/dt = F(Co-C) + rcV ©6)

Note that the first term in Eqn. (6) describes the rate of change of C in the system. The
second term describes the rate component C is transported into and from the system. Both terms
are system rates - i.e., observable rates. The third term in the equation pertains to those process
rates which describe how the reaction rate r changes as a function of the concentration C; if this
rate expression truly represents the chemical or biological reaction, then it is valid irrespective
of the system in which the reaction occurs. If the reaction rate, rc, were a heterogeneous
reaction rate written on a per unit surface area basis then the last term of Eqn. (6) would read
instead, rcA.

In the remaining sections of this paper we will present the various process rates that
contribute to the net rate of change of biofilm mass or active cell concentration on a substratum.
Those processes governing biofilm formation and persistence will be reviewed and rate
expressions for each process discussed. Differences between structured and unstructured models
of biofilm formation are presented detailed elsewhere in this volume by Bryers in the chapter
on mixed population biofilms.
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Figure 3. Biofilm net accumulation as a function of
time.

3. Net Biofilm Accumulation

Figure 3 illustrates, irrespective of the analytical measure, the observed surface
concentration of biofilm at a substratum as a function of time. Unfortunately, this type of data
allows an estimate of only the rate of biofilm accumulating at the surface (i.e., the slope of the
curve); such a rate is a system rate or rate of change. Unfortunately, all too often, rates from
such data are used to predict the stoichiometry and kinetics of the fundamental processes that
contribute to the observed accumulation. In this section, we will describe the individual
processes that collectively affect biofilm formation and provide the most current rate
expression that most accurately describes that process.

Biofilm accumulation (Figure 4) is considered the net result of the

S UBSTRATUM

Figure 4. Fundamental processes governing biofilm
formation. Definition of individual processes are given in
the text below.

following physical, chemical and biological processes:

1. Biasing or pre-conditioning of the substratum either by macromolecules present in the
bulk liquid or intentionally, as in the case of pre-coating endoprosthetic biomaterials
with adhesion molecules (e.g., fibronectin, vitronectin, fibrinogen, von Willebrand's
factor).
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2. Transport of planktonic cells from the bulk liquid to the substratum.
3. Reversible adsorption of cells at the substratum for a finite time.
4. Desorption is the release of reversibly adsorbed cells due fluid shear forces.
5. Irreversible adsorption is where cells remain permanent adsorbed to the surface.
6. Substrate metabolism by the attached cells.
7. Cell growth, replication, and extracellular polymer production.

8. Detachment of biofilm material can be either continuous, as in the case of erosion
brought on by shear forces, or random, as in the case of biofilm sloughing.

If all of these processes occur in series, then the slowest rate process in the sequence will
exert the greatest influence and limit the overall accumulation of biofilm. This slowest process
is the rate-limiting step in that the overall accumulation of biofilm can go no faster than this
slowest rate. Identifying the rate limiting step in a collage of processes such as biofilm
formation is critical to data interpretation and potential scale-up. For example, if the goal is
to derive the kinetics of cell adhesion but the system is rate-limited by the step of cell
transport to the substratum, then any resultant kinetic rate expression for cell adhesion would
be erroneous. Process analysis methods provide the protocol to analyze complex phenomenon as
the summation of individual rates.

3.1 DEPOSITION PROCESSES

Process rates 1-5 are often grouped in mathematical models as single process termed
"deposition". However, correlating "deposition rates" to system parameters, such as velocity
or planktonic cell concentrations, is not sound process analysis.

3.1.1. Pre-conditioning of the Substratum. In the case of intentional pre-treatment of
a surface, (i.e,, adhesion molecules for biomaterials), there is no rate to considered; the
substratum essentially enters the system with a biased surface chemistry. However, in cases
where a "clean" substratum material is exposed to an aqueous environment, transport of
dissolved organic molecules or macromolecules in laminar flow is basically by molecular
diffusion; in turbulent flow, transport must also consider eddy diffusion effects. Once at the
surface, adsorption of macromolecules occurs almost instantaneously, immediately changing the
surface chemistry of the exposed material. Loeb & Neihof (1975) and Depalma et al. (1979)
have measured adsorption rates of organic molecules to various solid substrata in seawater and
Bryers (1980) has observed analogous adsorption rates in a freshwater laboratory system. The
net rate of adsorption in these studies can be described as...

Tadsorption = Ka Sil1 - Si/ks] )

where radsorption = the rate of net adsorption (ML-2¢1y; ka = adsorption rate constant, (Lt
kg = surface saturation coefficient, (ML‘Z); and S;j = areal concentration of adsorbed species,

(ML2). While experiments indicate the maximum amount of adsorbed material may not
exceed 0.10 pm in thickness, the surface properties resulting from adsorption of an organic film
can significantly bias subsequent microbial events.
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3.1.2. Cellular Adsorption and Desorption. Observations have indicated that cells
can adsorb to a surface for a period of time and then may desorb from the substratum, returning
to the bulk liquid. If cells spend sufficient time at the surface, they can become permanently
bound, perhaps due to extracellular polymer production, and can only be removed by rather
aggressive physical or chemical means. One can conceive of this overall process much like two
reaction steps in series, with the reversible adsorption process first followed by an irreversible
step pertaining to permanent adsorption,

X <> Xrey - Xirr (8
Suspended Reversibly Irreversibly
Cells Adsorbed Adsorbed

Cells Cells

Observation of the total amount of cells at a substratum at any one time comprises both
reversibly and permanently adsorbed cells - i.e., X = Xrey + Xirr .

The rigorous approach of Escher (1986) derives material balances, over the surface for each
cell type, that include the rate of initial adsorption, the rate of desorption of reversibly
attached cells, and the rate of transition from reversibly to permanently attached cells. For
the experiments with Pseudomonas aeruginosa shown in Figure 5, Escher was able to estimate
the individual rate dependencies for the three processes in question.
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Figure 5. Progression of Pseudomonas aeruginosa colonization on
smooth glass under laminar flow at a shear stress of 0.5 N m2. (#)
sorption-related processes, desorption (0), and () net accumulation.
Escher (1986).

The rate of cell adsorption (cell-L-2t"1) to the surface can be described as a first order
dependency on the suspended cell concentration:

I'X-ads = kX-adsX )
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where kX-ads = cell adsorption rate constant (Lt']) and X = the suspended cell concentration
(cell-L-3). The adsorption rate constant, kx-ads, is a strong function of the cell size, density
difference between the cell and the bulk fluid, and the prevailing flow regime (laminar vs.
turbulent). The rate of reversibly attached cell desorption, rx-des, was found to be a
discontinuous function; prior to a critical time, tr, the rate was zero and after tr, rx-des, was
proportional to rx-ads. The rate of transition from reversibly to irreversibly attached cells is
also a discontinuous function of time where the rate is zero prior to time tr, and is a zero order
function of the surface concentration of reversibly attached cells. From Escher’s experiments,
results indicate that the numbers of reversible attached cells per area is independent of time.

Another common tack is to define the actual net adsorption process, from X to Xjyr, as a
fraction of the maximum amount of cells that impacts the surface, using the concept of a sticking
efficiency, .. The sticking efficiency is the ratio of the number of cells irreversibly attached to
a substratum to the total number of cells transported to the target surface. It is often thought of
as the probability that a cell, once transported to the substratum, will adsorb. Bowen et al.
(1978) and Beal (1972) derive continuity equations describing the transport of suspended
particles from a flowing fluid to the surfaces of a surrounding conduit that accounts for both
convective and molecular transport mechanisms. From their work, the maximum flux of
particles transported to the surface, L distance from the inlet, of a rectangular flow cell, with
gap height 2h, can be written as

] (cells-L-2t1) = ke XDx /h (10)

where kir = particle transport coefficient = [(2/9)K0-33/T°(4/3)] and K = (1/Pe)(8L/3h)
where Pe = Peclet number = 4vh/ Dy, and v = average velocity of the fluid, I" = the

gamma function (I'(4/3) = 0.89338), Dx = the diffusivity of cells in the liquid. For non-
motile cells, the Brownian diffusioncoefficient can be estimated from the Stokes-Einstein
equation,

Dx = kpT/3mudc (11)

where ki, = Boltzmann constant (1.38x10-23 J/0K), T = absolute temperature, |1 = absolute
viscosity, d¢ = cell diameter. To compensate for cell motility, Jang and Yen (1985) propose the
following equation,

Dx = vindr/3(1-cos ©) (12)

where Vi, = velocity of motility, dy = free length of a random run, and G = the angle turned by
the motile cell.

Rates of net adsorption are thus modeled as,
IX-dep = O] (13)

3.1.3 Attachment. Attachment is the capture of particles from the fluid phase by the
biofilm. This process differs from adsorption in that once cells are transported from the liquid
the target surface is now a developed biofilm. The biofilm poses a different type of substratum
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in that its surface morphology is generally more irregular (perhaps filamentous), very porous,
more compliant, and gelatinous. Models of the rates of cell attachment simply adjust the value
of the sticking efficiency o to reflect the "stickier" surface. However, recent experimental
results indicate that the increased capture of cells by a biofilm-covered substratum may depend
on far more subtle mechanisms than changes in mere surface morphology.

Banks (1989) and Banks & Bryers (1992) report rates of cell deposition increased when cells
were exposed to biofilm surfaces versus clean glass
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Figure 6. (A) Attachment of Hyphomicrobium spp. to various
surfaces. Suspended cell concentration = 4.5E+07 cells/mL. (B)
Attachment of Pseudomonas putida to various surfaces.
Suspended cell concentration = 1.5E+08 cells/mL.

(Figures 6 A and B). Two species were investigated, Pseudomonas putida and Hyphomicrobium
ZV620 as to their deposition rates, under laminar flow conditions, onto both clean glass and
biofilm-covered surfaces. Pseudomonas putida cells attached to a Pseudomonas putida biofilm

at a constant rate that was zero order in attached cell concentration (0.088 cell cm'zhr‘l) that
was 3.6x higher than to clean glass. Pseudomonas putida cells attached to a Hyphomicrobium

biofilm at a zero order in attached cell concentration (0.058 cell cm~2hr~1) that was 2.4x higher
than to clean glass. Hyphomicrobium illustrated an attachment rate (0.041 cell em2hr- D) toa



231

Hyphomicrobium biofilm at a zero dependency on attached cells that was 3.3x higher than to
clean glass. The attachment rate of Hyphomicrobium spp. cells to a Pseudomonas putida

biofilm (0.016 cell cm~2hr-1) was only 1.3x that to clean glass. The attachment rate of
Hyphomicrobium cells to a Hyphomicrobium biofilm was about half of the same rate of
Pseudomonas cells attaching to a Pseudomonas biofilm, even though suspended Pseudomonas
cell concentrations were three times higher. Results insinuate that species-dependent
enhancement of cell attachment may occur by specific rather than non-specific adhesion
mechanisms (Hammer & Lauffenburger, 1987).

3.2 TRANSFORMATION PROCESSES

Transformations are processes in which molecular rearrangements occur i.e., reactions. Once
a cell adsorbs to a surface or becomes attached to a biofilm, it will continue its metabolic
processes in response to its immediate environment. Four fundamental rate processes can be
identified: cellular growth and replication, product formation, endogenous decay or
maintenance, and cell death and lysis. Historically, it has been easier to measure per reactor
area observed transformation rates in the bulk liquid (e.g., electron donor removal rate, electron
acceptor uptake rate, total biofilm mass accumulation) than to measure growth, replication,
and death of cells in a biofilm. This led to the development of a number of unstructured models
that paid little attention to the various biofilm component parts (viable cells, total cells,
extracellular polymer) or that ignore the time course of biofilm development altogether. These
latter, steady-state models (Harremoés, 1971; Tanaka & Dunn, 1982) were useful at the time in
estimating the flux of growth rate limiting substrate into a biofilm of fixed thickness, density,
and reactivity, taking into account both internal molecular diffusion and biological reaction.

The major transformation carried out by cells in the biofilm is the metabolism of both the
electron donor and acceptor to produce soluble by-products, extracellular polymers, carbon
dioxide, and water. Depending on the microbial population in question and the ambient
concentration of electron donor and acceptor, a biofilm can be either aerobic, anoxic
(denitrifying), anaerobic (sulfate reducing bacteria, methane formers), or fermentative. In
simple unstructured models, a single biological "growth rate of the biofilm", rp(Mx-L2t1),
relates cell growth to substrate uptake rate, rg (Ms-L-2t"1), using a single yield coefficient, Y

(Mx-Mg™1),
rs=rp/Y (14)

where growth rate of biomass is assumed to follow a saturation kinetic dependency on substrate
concentration,

rg = W*SB/(Ks + S) (15)

Said models do not take into account multiple species participating in different biological
reactions, competition for the same substrate(s), or spatial gradients in substrate or cell
concentration in the biofilm. For example, in the case of an anaerobic methane producing
culture, one could add structure to a biofilm model by considering the various different
populations involved (particulate degraders, acetic acid formers, methanogens) each with
their own individual growth rate expression similar to Eqn. (15).
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Analysis of biofilm bacterial metabolic rates are frequently complicated by the effects of
significant mass transfer resistances in both the liquid phase and within the developing
biofilm. The steady-state models (Harremoés; 1977, 1978) are useful to estimate the observed
flux of growth rate limiting substrate (Ms-L2t°1) into a biofilm of fixed thickness, density, and
reactivity, taking into account both external and internal molecular diffusion coupled with a
simultaneous biological reaction rate. Based on identical models for one dimensional
heterogeneous catalysis, these models assume a constant biofilm concentration B (tacitly
implying a spatially uniform reactivity) and diffusion path (biofilm thickness) which allows
one to predict (a) the concentration profile of limiting substrate (and by stoichiometry all other
nutrients) with biofilm depth and (b) the maximum substrate uptake or flux to the biofilm.

The ratio of the reaction rate observed under practical system conditions (possibly
controlled by mass transfer effects) to the true instrinsic reaction rate evaluated at system
conditions assuming no mass transfer effects is defined as the effectiveness factor for the solid
(or biofilm) in question. Models by Harremoés (1977, 1978) and Vos et al. (1990) of immobilized
cell or biofilm kinetic studies define the effectiveness factor as a function of a dimensionless
group of pertinent observable system parameters. Such models define a reacting geometry (one
dimensional slab, cylinder, or sphere) with uniform distribution of the biological catalyst
through out the reacting volume.

For a one dimensional biofilm of thickness L and uniform areal biomass concentration B,
metabolizing a growth limiting substrate S, according to a biological reaction rg, the second
order differential equation describing the concentration of S in the biofilm as a function of
positioniis . ..

D, (d25(z)/ dz?) = r (16)

where D, = the effective diffusivity of S in the biofilm. Solution to Eqn. (16) for S as a
function of the spatial coordinate Z, depends upon specific system boundary conditions and the
particular reaction rate dependency on local substrate concentration (i.e., first or second order, or
saturation kinetics). For the case of saturation kinetics, one can define the following
dimensionless variables . . .

k=Sg/Kg S*=S/Sp z*=2z/L (17)

thus rewriting Eqn. (16) as,
d25*/d(z*)2 = 2S*/(1 + k5%) (18)
where 6 = Thiele Modulus = {Aqu*X;L2/Y;KsD,}°5 (19)

and Ag is the surface area to volume ratio, pu* is the maximum growth constant for the
microorganism, Xj is the areal concentration of microorganisms, and Kg is the saturation
constant in the growth rate expression.

Boundary conditions for the dimensionless Eqn. (18) are correspondingly,
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*=1 at z* =
ds*/dz*=0 at z

Once the specific substrate profile is determined, the effectiveness factor can be derived
according to its definition . . .

N = rate observed with mass transfer ,
true reaction rate without mass transfer effects

N = robs/Ttrue = [-De dS/dz ] |,_ / {-Aq*XiL25p/(Sp + K9} (20)
or in dimensionless terms =

n=[(1+x)/02]dS*/dz* | =1 (21)

The most convenient means of depicting the influence of operating parameters on the
effectiveness factor was presented by Pitcher (1975) using a modified Thiele modulus defined
as,

op = [6k/(1 +%)] [2x - 2In(1 + )05 (22)

Classically, in heterogeneous enzyme catalysis or in steady-state biofilm models, the
above derivation holds since the concentration of surface-bound catalyst (i.e., enzyme or biofilm
bacteria) and the diffusion path (i.e., immobilized enzyme support or biofilm thickness) are
assumed constant in time. Also, the reaction rate constant U* is assumed to pertain to one
substrate conversion process.

Modifications have been made in this approach to estimate the unsteady-state flux of
multiple growth rate limiting substrates in several biological reactions in series. Tanaka &
Dunn (1982) derive four unsteady state substrate balances (ammonia, nitrite, nitrate, and
oxygen) for autotrophic nitrification. This system of equations assumes a constant biofilm
thickness and that the concentration of the two bacterial species involved is constant in both
time and space in order to solve the set of coupled partial differential equations. A similar,
steady-state model of denitrification of nitrate to nitrite then to nitrogen was presented in
Boaventura & Rodrigues (1988) and Droste and Kennedy (1986). Here two separate
effectiveness factors and corresponding Thiele moduli are defined for nitrate and nitrite
conversion but no distinction between bacterial species is made; in essence, a uniform biofilm
density is assumed constant. Unfortunately, no work has considered evaluation of an
effectiveness factor for either the case of an unsteady-state biofilm thickness or time dependent
concentration profiles of different bacterial species in the biofilm.

With estimates of the appropriate diffusion coefficients, a Thiele modulus and its

corresponding effectiveness factor can be evaluated as biofilm thickness changes in order
modify Eqn. (15) accordingly, i.e.,

rg =1 UW*SB/(Ks +S) (23)
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In an unstructured model, biofilm surface concentration, B, is a lumped parameter
representing both biofilm bound viable cells, Xg, and extracellular polymers, EP. Extracellular
polysaccharides and lipoproteins comprise the EP product pool that establishes the gelatinous
matrix of the biofilm. Product formation, especially EP, is critically important in interpreting
biomass yield in a biofilm system. Neglecting the amount of exogenous substrate transformed by
a cell into EP will lead to an overestimation of cellular yields. Consequently, in a structured
model of the biofilm formation, material balances on X, EP, and the limiting substrate, S
would be necessary as reported by Robinson et al. (1984) and Turakhia and Characklis (1988).
Product formation rate, rgp (MEPMy~1t'1), is frequently modeled as two production terms; one
growth associated production rate and one non-growth associated, traditionally term a
Leudeking-Piret equation:

TEpP = kgrB + kng (24)

where kg = growth associated EP coefficient (MpMy1) and kng = non-growth associated EP
coefficient (MgpM x‘lt'l). Here, rB must be modified, substituting the active biomass
component XB in place of B.

Microorganisms persist in environments that are low in essential nutrients and carbon
sources. Most studies of microbial growth under oligotrophic environments observe decreasing
cellular yields with decreasing growth rate. As either the limiting exogenous substrate drops
below a certain value or the growth rate is low, cells turn to endogenous sources of energy - i.e.,
maintenance. Should exogenous substrate deprevation persist for a prolonged period, the cell
may cease to be metabolically active and no longer replicate; eventually the cell membrane
deteriorates and lysis of the cell occurs. Collectively, these processes all detract from the net
production of viable cell mass in the culture appearing as a decrease in the observed yield.

In a modeling context, the processes of maintenance, death, lysis have traditionally been
lumped into a single "decay" rate that is a first order function of the amount of cell mass (either
suspended or in the biofilm). Only a few researchers (Mason et al. 1986a,b; Banks & Bryers,
1990) have actually developed a tested structured models of microbial growth that account for
the individual processes comprising decay. The most direct way to account for decay in a
biofilm cell growth term is to redefine Eqn. (15) as a net cell growth term where,

Ig = [H*SB/(KS +9)] - [kdecayB] (25)

where Kdecay = endogenous decay rate constant (t1).

3.3 BIOFILM REMOVAL PROCESSES

Biofilm removal processes involve the actual loss of material from the biofilm; either cells
or cell:biofilm matrix debris. Desorption (Section 3.1.2) is the release of cells from the
substratum and occurs from the onset of adsorption. Biofilm detachment or removal represents
loss of biomass from the biofilm and arise by way of three distinctively different mechanisms:
erosion, sloughing, or abrasion.
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3.3.1 Abrasion. Abrasion is the loss of biofilm due to repeat collisions between substratum
particles as seen in fluidized bed reactors or in heat exchangers using cooling water of high
solids content. To date, there does not exist a rate expression to describe the rate of biofilm
removal by abrasion.

3.3.2. Erosion. Erosion is the continuous loss of biomass or cell prodigy from the upper layers
of a biofilm. The rate of biofilm removal by erosion is modeled as a first order function of either
biofilm amount, rerg = keroB, where the erosion removal rate constant, kero, is a strong function
of the prevailing hydraulic shear. Trulear and Characklis (1982) observed that biofilm
erosion rates increased with fluid shear and biofilm amount. Applegate and Bryers (1991)
reported that the growth conditions of the biofilm strongly affected biofilm removal processes.
Stoichiometric limitations of carbon substrate affected biofilms that contained less EP, bound
less calcium ion, and exhibited a higher erosion rate (maximum removal rate = 1.05 gm biomass

carbon m~2 day‘l) than oxygen-limited biofilms that accumulated more EP, bound more calcium
ions, developed rigid morphology that was very resistant to shear (maximum removal rate =

0.4 gm biomass carbon m-2 day™1) prior to sloughing.

3.3.3. Sloughing. The catastrophic, apparently random, loss of large pieces or entire
sections biofilm is known as sloughing. In attempting to attain a steady-state biofilm amount,
the entire sloughing of a biofilm, Figure 7, can come as quite an embarrassment. All too often,
random sloughing of a biofilm terminates an experiment which has had the result of yielding
very little quantitative data regarding the causes of sloughing. A number of situation specific
causes of sloughing have been identified: bubble formation in either anaerobic methane
producing biofilm, nitrogen bubble formation in denitrifying biofilm, and artificially induced
sloughing by way of calcium chelation by EGTA addition. Applegate and Bryers (1991)
reported that the growth conditions of the biofilm strongly affected the biofilm removal
processes of erosion and sloughing. The "fluffier" biofilm produced under carbon limited growth
exhibited high erosion rates but never sloughed even when subjected to over 300 hours of
nutrient starvation. Conversely, rigid biofilms cultivated under oxygen limitations showed
little to no erosion but the onset of a catastrophic slough was predictable and repeatable.

4. Summary

This paper presents concepts of process analysis and mathematical modeling as applied to
biofilm processes. Examples of both structured and unstructured mathematical analysis of
biofilm formation and activity are given. Distinctions between homogeneous and heterogeneous
reaction systems are made and errors associated with ignoring mass transfer limitations of
biofilm reactions are presented. Our overall goal was to present the utility and limits of
mathematical modeling of biological systems and to provide a methodology with which to
systematically interpret complex biological processes such as biofilm formation.
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Introduction

Biological conversions are characterized by relatively low specific reaction rates. Many
processes in which micro-organisms play a role are feasable on an industrial scale due
to their potential to form aggregates spontaneously or to attach themselves as thin
biofilms on a carrier material. As a consequence of these adhesive properties, it is
possible to increase the volumetric conversion rate in continuously operated bioreactors
by selective retention of biomass (Hamer, 1982). Furthermore, downstream processing
is facilitated by the simple separation of aggregated biomass, i.e., sedimentation. These
principles are succesfully applied in e.g. the activated sludge and the upflow anaerobic
sludge blanket process.

Because of limitations by mass transfer from the bulk liquid to the biological particle
or the simultaneous reaction and diffusion inside the particle, an optimum exists for
the size of aggregates and the retention of biomass. At a given size and shape of a
particle, the external mass transfer rate is determined mainly by its velocity relative to
the continuous liquid phase and expressed as the Sherwood number, while the ratio
between the reaction and the diffusion rate inside the particle is given by the Thiele
number.

In this contribution it is aimed to substantiate the abovementioned principles
governing the macro-kinetics of biofilms from a chemical engineering point of view.
To this end, microbial kinetics, intraparticle mass transfer and external mass transfer
will be treated to provide an operational knowledge on the scale of biofilms
themselves.

Microbial kinetics

Chemical conversions are determined by three factors: thermodynamics, kinetics and
transfer phenomena. Thermodynamics sets the boundary conditions for the product
yield, while the reaction rate is closely related to the reaction mechanism involved.
Finally, realization of a chemical conversion is obtained by tranfer of mass, heat and
momentum to a reactor. The state in such a reactor is given by the balance of input,
production and output, according to the various laws of conservation.

239

L.F. Melo et al. (eds.), Biofilms — Science and Technology, 239-250.
© 1992 Kluwer Academic Publishers.



240

] BLACKMAN
[ LLUB R . ]
: MONOD §
um/2 f----; _
: Fig. 1. Monod and Blackman
H : . kinetics for microbial growth.
0 Ks Um/a So

When process conditions like temperature and pH are chosen, the thermodynamics of
a microbial conversion are fixed and enter the kinetic equation as parameters like pu.,
and K,. A widely applied expression for microbial growth is given by the Monod
equation:

p= gy SIK, + S) a)

Except for extreme conditions both the biomass yield Y, and the product yield Yp
depend linearly on the substrate consumed:

dX = - Y, dS and dp = - Y, ds (2)

The use of Monod Kkinetics to form a substrate mass balance across the biofilm,
however, results in a non-linear differential equation which cannot be solved
analytically. Of course, numerical integration is possible, e.g. according to Runge-
Kutta, but this provides less insight. Therefore, we will use Blackman kinetics which
approximates the hyperbolic Monod curve by two straight lines (see Fig.1) and largely
yield solvable equations.

u
I

a$ if S < mm/a first order
S > ®)

Pm if P/ @ zero order
Using this kinetic equation enables to solve the mass balance across the biofilm, and

determine the combined effect of the biological conversion and mass tranfer, i.e. the
macro—kinetic behaviour.

Internal mass transfer and macro-Kkinetics of a flat biofilm

Diffusion is the phenomenon that the thermal motion of molecules affects a net
transport which smoothes out concentration differences of each species. Diffusion can
be described with Fick's law:

q = - D dS/dx (4)
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In every point in the biofilm substrate is removed at a rate r, and in the stationairy
state this will equal the decrease of the flux with depth (see Fig.2):

r = p XY, = - dg/dx (5)

Combination of equations (4) and (5) gives the mass balance over a thin layer dx in
the biofilm:

D, d2S/dx? - r =0 (6)

D, indicates the effective diffusion coefficient of the substrate in the biofilm. It
depends on the density and structure of the biofilm (e.g. porosity and tortuosity), and
its value typically amounts to 70% of the value in the liquid phase. To increase the
usefulness of equation (6) and its solutions, dimensionless equations are often used in

chemical engineering by normalizing with respect to characteristic system parameters:
s = S/§; and ¢ = x/L (7)

By substituting (7) into (6) we obtain a dimensionless mass balance:

(=%

2s _ rL? . e E =0 > s=1
a7 DS with boundary conditions: £ -1 5 ds/df = 0 (8)

The requirement that ds/d§¢ = 0 at the carrier interface, follows from the fact that no
transport occurs to the surface itself.

ZERO ORDER KINETICS

To solve (8) we will consider first the simple case of zero order kinetics when r =
'm= tmX/Y,, and we obtain:

3 3
— . - 'm — ParX
dgz a Desi T vith - L[Desi] - L[YxDeSi] (9)

The dimensionless constant ¢ is the Thiele number (or modulus), and represents the
ratio of the reaction rate and the diffusion rate in the biofilm. If ¢ > 1 the system
is diffusion limited, conversely, when ¢ < 1 it is reaction limited. The solution of (9)
is obtained by integration between the boundary conditions (complete derivation only
as an example):
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0

dzs d ,ds ds !
= —=(5g) = p? > d(zg) = p2dt >
dg? df “d¢ dS/JE d¢ EI
ds/d¢ ¢
S E S E
[as =gz [ -1 a > [s] =92[382-¢]
1 0 1 0
5> s =p2(5E%2 -&) + 1 > s=‘—§i22—¢2£+1 (11)

This solution is presented graphically for various values of ¢ in Fig. 3, and has only
meaning for s > 0, i.e. ¢ </ 2 when the biofilm is comletely penetrated. With
Blackman kinetics this pure zero order case is applicable when S; is so large and L
so small that the substrate concentration at the carrier interface satisfies S > p,/a.
For a partially penetrated biofilm and ¢ >/ 2 we have to change the second
boundary condition into:

E =<1 > s=0; ds/d¢ =0 (12)

Note that with pure zero order Kkinetics the conversion always proceeds at maximal
speed, as a consequence the substrate concentration may indeed attain a value of
zero. This situation will not occur with Blackman kinetics, since the ‘'tailing' first
order kinetics for S < pu./a only approaches zero (see further). Using the new
boundary conditions (12) we obtain a slightly different solution for (8) (see Fig. 3):

v /2 _ p? 2
£ = > s =3 3 p/2 E + 1 (13)
1.0 1.0
[
0.7
0 0
@ “
o 95 1.0 © 05
2 4
o o
o 1.2 °
1.3
0.0 1.4 0.0
0.0 0.5 1.0 0.0 0.5 1.0
DEPTH § (-) DEPTH ¢ (-)

Fig. 3. Dimensionless concentration profiles for a completely penetrated flat biofilm
with zero order kinetics at several values of the Thiele modulus ¢ (left); idem,
partially penetrated film (right).
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It should be realised that part of the biofilm lying deeper than the (relative)
penetration £' is completely inactive. In situ measurements with micro—electrodes
indicate that inactive zones are the rule, rather than the exception (De Beer et al.,
1990; Sweerts et al., 1990; De Beer et al., 1991).

The total conversion by the biofilm (per unit area!) q; is of course given by:

S

[aN

ds s

qi:'DeE& x10=_Deii—a? §lo (14)
In the case of a completely pentrated biofilm we obtain from (10):

G = - D, tb p2[1 -]y, = tmlL (15)
while in case of a partially penetrated biofilm:

G = rmLE = [2rnD, 5] (16)

This total conversion rate q; is important for the macro-kinetic behaviour of the
biofilm. In this context the efficiency % of the biofilm is defined as the ratio between
the actual conversion rate and the theoretical conversion rate if no limitation by
diffusion would occur at all. For a flat biofilm and pure zero order kinetics it is
easily obtained that:

1
£ = Ry

complete penetration o </ 2 and 7
partial penetration o >/ 2 and 7

This means that in this specific case there is a very simple relation between the
efficiency # and the Thiele modulus ¢.

FIRST ORDER KINETICS

After this somewhat extensive treatment of zero order kinetics we will examine
another simple case when the substrate concentration at the liquid/biofilm interface S;
< pg/a, as a consequence we are dealing with pure first order kinetics: r = kS =
[aX/Y,]S. The mass balance (8) over the biofilm is then given by:

1
d?s =, o _ k %_ aX |2
'a'g‘i' = ¢, S with: Y, = L[——D-e-] = L[——Y—X—D-e—] (17)
and boundary conditions: E=0 > s =1
tE =1 - ds/d¢ =0

Note that the first order Thiele modulus ¢, is defined differently to retain the same
physical meaning. The solution of this equation is less simple and given by:

s = cosh(1l - §)p, (18)

cosh ¢,

A number of these concentration profiles is given in Fig. 4. From equation (14) and
differentiation of (18), one obtains the total conversion of the biofilm:
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Fig. 4. Dimensionless concentration profiles in a flat biofilm with first order
kinetics at several values of the Thiele modulus ¢ (left); concomitant efficiency as a
function of the Thiele modulus, linear relation if ¢ > 2 (right).

qi=rSiL$L=rSiLn (19)

Since the maximal conversion rate at infinitely fast diffusion in this case equals rSiL,
equation (19) also presents the expression for the efficiency 7 (see Fig. 4).

BLACKMAN KINETICS

Finally, we have to combine both types of kinetics for the partially penetrated biofilm.
At a certain distance £ in the biofilm the substrate concentration reaches the value S
= pm/a where, according to the Blackman approximation, zere order changes into first
order kinetics (see Fig. S5). Until this point (8) holds, while afterwards (17) is in
force, however, both with other boundary conditions:

S > py/a: E=0 > s=1
t =tg > s =sg=p,/a.5 zero order
S<I"‘m/a: E=EB—>S=SB .
=1 > ds/dt = 0 first order
Using these we get somewhat different solutions:
s=3p2 E2 +af - [ 4p2 tg? + a g ) + sp
2 _ 2,2(] - 3 zero order (20)
with: g5 - L2 =207 - sp)]” -«
®
_ cosh(l - &)y .
= °B cosh o, first order (21)

The integration constant o« from (20) can be solved in principle, since there is an
additional requirement that the slopes of (20) and (21) in point £y are identical.



245

S, |
<Zh
\Y
|
[
qi : ql
—>| —
|
| S,
0 BUK k3 BIOFILM
_ \/’\_,/
BIOFILM taup ' d
Fig. 5. Transition from zero to first order kinetics; nomenclature.
Fig. 6. Concentration profile and flux in the liquid boundary layer.
Physically this means that mass transfer should be continuous in this point, see (4):
ds o, _ ¢:1SB .
T -ty p2%p + a = _]_cosh o sinh(1 - &)y, (22)

Unfortunately, « can not be written explicitely and (22) has to be solved by numerical
itteration, e.g. according to Newton-Raphson.

Summarizing conversion in biofilms according to Blackman kinetics, and depending on
the substrate concentration at the liquid and/or carrier interface, we may distinguish:

S; >> and S; > p,/a - pure zero order
S; > py/a but S < p/a - no analytical solution
S; < ppla pure first order

N

As a consequence, the advantage of simple Blackman kinetics cancels in the case of
intermediate concentrations. Therefore, in those cases we can use Monod kinetics (or
more complicated kinetics including inhibition) as well, and solve the mass balance by
numerical integration.

External mass transfer

So far the substrate concentration at the biofilm-liquid interface S; has been used
deliberately, and not the concentration in the bulk liquid S, as often encountered in
the literature. The adjacent liquid, however, can not move freely with respect to the
interface. Therefore, the (local) bulk concentration is found only at some distance
from the biofilm, depending on the hydrodynamic regimen and the biofilm geometry
(see Fig. 6). It should be noted that, although bulk concentrations can be defined on
the scale of the biofilm thickness, substrate gradients usually will be found in axial
and / or radial direction on the scale of the bioreactor.

External mass transfer is formulated as the product of a conductivity parameter and
the driving force, and should equal the flux q; at the biofilm interface:
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ds

G o= D g |y =k Sy - i) (23)

xlo

The mass transfer coefficient k; is an overall conductivity parameter comprising the
contributions of diffusion, natural and forced convection. In a further simplification,
the film model assumes an ideally mixed bulk phase and a completely stagnant
boundary layer at the biofilm interface. All mass transfer resistances are thought to be
located in this diffusive boundary layer of uniform (hypothetical) thickness & (see Fig.
6), and therefore:

k = D/s (24)

In a number of specific cases exact solutions for k; are at hand, otherwise empirical

correlations have been developed for the different flow conditions and catalyst /
reactor geometries. More detailed information can be found in text books on physical
transport phenomena (e.g. Bird et al., 1960). In this contribution we will consider a
spherical biofilm suspended in the liquid phase, as encountered in e.g. fluidized bed
and gas-lift reactors. An appropriate (dimensionless) correlation to be used is the
widely applied equation of Ranz and Marshall (1952):

1 1 1

1
kd vep d1Z [ m 17 _ 7.3
AS-2+40.6 [J-.J—m ] [pl_D] or Sh=2+0.6 Re’Sc (25)

The Sherwood number relates total mass transfer and diffusive mass transfer. This
equation predicts Sh = 2 for a motionless fluid; this asymptote can be derived
theoretically and is confirmed by experiments. Sh -» « would be required for S; » S;.
The Reynolds number for the biological particle characterises the surrounding liquid
flow, and contains the slip velocity vg and the diameter d of the particle. The Schmit
number relates the diffusion of momentum and mass, and contains physical constants
of the liquid phase.

The slip velocity may be approximated by the settling velocity; for a spherical
particle and Re < 103:

v, = 28X P g2 (26)

Defining ‘a length co-ordinate from the centre of the sphere to the interface
o = 2x/d, and a concentration normalised on the bulk concentration ¢ = S/Sy, the
microscopic mass balance of a spherical particle with Monod kinetics becomes:

d?c dc Kc . oy X d? S

- = . = : =FEtm = — =2b

wrt2% Tamc o0 vl K=K M=% @7)
and boundary conditions: =0 > dce/do = 0

1 > c = ¢

o i

Compared to the flat biofilm, the second diffusion term in the mass balance represents
the additional 'focussing' effect due to the spherical geometry. Rewriting the continuity
requirement from (23) in the new dimensionless variables, and using the definition of
Sh we obtain:
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1 dc
7 lo=a™ ! " BT @ lo=r (28)

o]
I
—_
1
UI@U
N
&

Sh

[=X

The procedure to solve (27) is as follows: establish K, M and Sh from physical
constants, kinetic parameters, the particle density and diameter, and the bulk substrate
concentration. Guess the concentration in the centre and calculate the concentration
gradient by numerical integration of (27), then check whether c¢; thus found satisfies
(28). Adjust the initial guess untill the solution is obtained, i.e. the concentration
difference over the boundary layer (1 — c;) matches the flux (dc;/do).

These calculations were done at different Sh numbers, and taking equal diffusion
coefficients in the particle and the liquid phase (Huisman et al., 1990). The results
are presented in Fig. 7, in which the effectiveness factor 75 is plotted against a
generalized Thiele number for Monod kinetics according to Moo-Young & Kobayashi
(1972):

_ M . K 3
M= I F D) [Z(M YR 1))] (29)

As mentioned before, Thiele numbers for biocatalyst particles are often presented
assuming C; = C,, i.e. in the case of Sh = » The calculated efficiency in Fig. 7,
however, shows that this procedure is highly uncertain as the external mass transfer
rate considerably influences the effectiveness factor for Thiele numbers over unity. The
generalized Thiele number for different biological sytems were estimated from literature
data, and inserted in Fig. 7 (Huisman et al., 1990). The maximal effect of external
mass transfer, amounting to a factor of 5, is to be expected in the case of highly
reactive sytems like denitrifying and acidogenic aggregates. About 25-50% of this
effect can be realized by suspending these biomass particles in, for example, fluidized
bed reactors, since a Sh number of 10-25 can be estimated for such systems.

1
n L
0.1¢F
0.01 s A Y S . |
0.1 1 —s P 10

Fig. 7. Efficiency versus Thiele modulus oy, for various values of Sh. Indicated are
estimated values of ¢y for 3 mm biocatalyst particles of 1) methanogenic bacteria,
2) immobilized yeast cells, 3) denitrifying bacteria, and 4) acidifying bacteria.
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Discussion

All kinetic equations for microbial growth are in fact of a phenomenological nature.
Their value is determined by the accuracy and ease to describe experimental
observations. The choise of the slope (a) in Blackman kinetics can be adapted to the
circumstances (see e.g. Harremoés, 1976), and in most cases the difference with
Monod kinetics is negligible. In sysems with selective retention of biomass both
equations are even inappropriate, since they do not account for death or lysis of
organisms. Especially in thicker biofilms, lysis plays an important role and causes
disruption of aggregates and sloughing of complete layers.

Another important point not considered yet is growth. By using only substrate
balances, the concomitant biomass increase has not been accounted for. Contrarily,
homogeneous biofilms with a constant thickness were assumed. In reality, a constant
amount of biomass in a reactor is a dynamic system in which (i) newly formed
biomass is removed by attrition from the biofilm surface and enters the effluent
stream, or (ii) growth is just balanced by lysis and the net growth is equal to zero
(Beeftink and Van den Heuvel, 1990). If net biomass growth is undesirable, the latter
argument is sometimes used to justify simplifying assumptions. However, this kind of
reasoning in not correct, since growth and lysis occur at different places in the
biofilom. As a result, the biofilm density will decrease with depth (Beeftink and Van
den Heuvel, 1988; Pereboom et al., 1988).

Inhomogeneous distributions may also occur with respect to kinetics. Depending on
the local substrate concentration, micro—-organisms may change their metabolic routes
and the associated ATP yield, as in the well known Crabtree effect. Furthermore, the
higher product concentrations in the biofilm (profiles complementary to the substrate
profile) may influence g, in (i) a general way through the concomitant change in
local pH (Zoetémeyer et al., 1982; De Beer and Van den Heuvel, 1988; De Beer et
al., 1992), or (ii) more specifically by some inhibitory mechanism (Van den Heuvel
and Beeftink, 1988; Van den Heuvel et al., 1988). As a rule, all these complications
result in a lower efficiency as compared to the homogeneous and static biofilm. Only
in the case of substrate inhibition, e.g. phenol oxidation, lower substrate concentrations
due to transport limitations may lead to higher conversion rates, and conceivably 7
may be larger than 1.

In this contribution we have limited ourselves to diffusive mass transfer in the biofilm
and the film theory. Potentially, convective mass transfer is able of increasing
transport rates some 3-4 orders of magnitude, and offers challanging ways of
increasing biomass efficiency. Convective flows through a macroporous biofilm have
been reported in a number of cases, and may be accomplished by pressure gradients
(Wittler et al., 1986), pressure fluctuations (Van den Heuvel et al., 1992), and inertial
forces (Bringi and Dale, 1990). Cultivation techniques to obtain the required
macroporous structure as well as in vivo characterization methods (e.g. NMR analysis,
Cotts, 1991; Lewandowski, 1991) are new and intrigueing research areas.

Reduction of the external mass transfer resistance by intensive bulk liquid mixing will
be limited by disruption of the particles and severe reduction of the biomass retention.
However, local mixing of the boundary layer by natural convection, as occuring with
gaseous end products, could contribute significantly (Huisman et al., 1990). Convective
flows induced by (i) gas bubbles rising from the biofilm surface, as well as (ii) the
smaller density of the substrate depleted liquid, will enhance mass transfer. Especially
in fixed film reactors, accelleration of external mass transfer could contribute
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significantly, as gas bubbles are able to travel in the diffusive boundary layer for a
considerable distance, viz. along the surface of vertically oriented biofilms.

It might be speculated that convective contributions to mass transfer have so far gone
unnoticed (Logan and Hunt, 1988), and were lumped into apparent microkinetic
parameters of the biofilm or active biomass density.

From these arguments it may be appreciated that a conceptual understanding of all
phenomena occuring in biofilms, is extremely important. Secondly, these phenomena
and their interactions are so complicated that modelling only is of limited value.
Therefore, I would like to state as a final conclusion, that actual measurement of
substrate and product concentration profiles inside biofilms with appropriate sensors is
required for a proper design, scaling—up and operation of biofilm reactors.

Nomenclature

a slope Blackman kinetics m3/kg.s Greek

c concentration S/Sy -

d  particle diameter m n dynamic viscosity Pa.s
D  diffusion coefficient m?2/s ¢ length from interface -
g  gravity accelleration m?2/s p density kg/m?3
k  reaction rate constant 7! ¢ (0 order) Thiele number -
k; mass transfer coefficient m/s o length from centre -
K  constant, see text - 5 thickness boudary layer m
K, saturation constant kg/m3 u  specific growth rate s
L  thickness biofilm m

M  constant, see text -

q  mass flux kg/m?2.s

r reaction rate per volume kg/m3.s

Re Reynolds number - Subscripts

s concentration S/S; -

S substrate concentration kg/m3 b bulk

Sc  Schmitt number - B Blackman order change

Sh  Sherwood number - e effective

v slip velocity m/s i interface

X length co-ordinate m -1 liquid phase

X  biomass density kg/m3 m maximal

Y, product yield kg/kg M Monod kinetics

Y, biomass yield kg/kg 1 first order Kkinetics
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1. Introduction

If we have to optimize biological wastewater treatment processes using fixed mixed cultures
and determine their size and capacity, it is necessary to know the kinetics of substrate removal and
biofilm growth as these are the tools for establishing matter balances. For several years, the
literature has shown that biofilms can be characterized by an active thickness beyond which the
growth substrate becomes limiting. This thickness is generally estimated from mathematical
models combining transport by diffusion and more or less complex reaction kinetics (Atkinson,
1974 ; La Motta, 1976 ; Williamson et al., 1976 ; Harremoes, 1977 ; Grady et al., 1980 ; Rittman,
1982 ; Characklis et al., 1990 ; etc.). Moreover, Sanders' (1966) preliminary work and much
more recent experimental studies using micro-electrodes (Revsbech, 1989) have shown the
presence of dissolved oxygen concentration gradients within biofilms.

However, a number of experimental results obtained with thin biofilms (thickness less than 40
um) in perfectly controlled reactors (Nouvion, 1985 ; Lertpocasombut, 1991) have shown that the
biological activity of these systems is not maximal and the micro-organisms composing the
biofilm are not all fully active. This leads us to presume that physical (shear stress, etc.) and
biological (metabolite inhibition, etc.) phenomena may also occur while the biofilm is maturing.
But these phenomena are not taken into account at present in the conventional concept, in which
only resistance to transfer by diffusion is used. And yet these phenomena have been shown to
exist in thin, perfectly homogeneous biofilms used in a three-phase fluidized bed reactor with
suitable supports (controlled hydrodynamics). As an example, the first part of figure 1 (airflow
5.7 m/h) shows that the accumulation of biofilm observed around the support is accompanied by a
decrease in the active fraction of the fixed bacteria from 85 to 50%. Increasing the airflow to 10.2
m/h causes part of the biofilm to become detached and the active fraction of the bacteria to increase
from 50 to 80%. It should be noted that, for these two operating conditions, the quantity of
substrate eliminated is the same, which indicates that, although the thicknesses are different, both
the types of biofilm developed have the same reactivity with respect to the liquid phase. We shall
come back to these results later in the article.

In order to gain a better understanding of the phenomena likely to influence the reactivity of a
biofilm (made up of a mixed population of bacteria breaking down complex substrates such as can
be found in urban wastewater), we performed two studies, on aerobic and anaerobic films. The
initial intention of this research was to verify and validate the hypotheses of a conventional
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modelling approach using the diffusion concept. The main hypotheses are the following :

. the biofilm has the form of a plane, homogeneous surface ;

. a permanent regime has been established with respect to the thickness of the film ;

. transport by diffusion in the film is in one direction ;

. the growth kinetics of the fixed micro-organisms are identical to those characterizing free
mixed cultures (0, 1st, etc. order, Monod, Contois ...).

A reactor was designed specially for the study and the biofilm observation and measurement
methods were adapted to the analysis and control of the kinetic laws (Belkhadir, 1986 ; Nguyen,

1989).
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Figure 1. Behaviour of the mass of thin biofilm and micro-organism activity for two different sets
of operating conditions in a three-phase fluidized bed reactor (Lertpocasombut, 1991). The
activity percentage is expressed by the ratio between the activity of biofilm and the activity of total
bacteria in the reactor determined by INT method (Nguyen, 1985).

2. Materials and methods

2.1. CHOICE OF REACTOR

Our criteria for reactor design were the following : control of the hydraulic stresses, which
must act in a uniform and constant manner on the biofilm ; monitoring the stirring of the medium
so as to have a perfectly mixed flow ; ease of sampling and of measurement of the values
characteristic of the biofilm, particularly its mass. The first two points are solved in a ring reactor
composed of two coaxial cylinders, one of which is mobile. Such reactors have been used by
Kornegay et al. (1968), La Motta (1976), Williamson et al. (1976), and Trulear et al. (1982). The
third criterion can be satisfied by using a stack of perfectly rectified PVC disks to make up the
mobile internal cylinder to which the biofilm will attach itself. Using this apparatus, the growth of
attached biomass can be followed in time by successive sampling of the disks, the ratio of volume
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to surface area and the space time being kept constant by simple adjustment of the volume and
input flow. The characteristics of the reactor, which was supplied with complex synthetic
substrate (viandox, glucose, powdered milk, peptone, yeast extract and oligoelements), are
shown in figure 2 and table 1. It should, however, be noted that, for aerobic biofilms, substrate
removal was continuously checked by means of a TOD meter and the amount of dissolved oxygen
(simultaneous supply of H)O, and catalase) was controlled, the whole processes being
supervised in real time by a micro-computer.

1-2. reactor

3. sampling

4. thermostat and mixer

5. temperature regulator

6. SS optical system

7. solenoid valve

8-10. pumps supplying H,0,

and catalase

11. pH meter

12. oxymeter

13. TOD meter

14-15. reservoir

16. analogue-digital converter

17. analogue-digital input-output
interface

18. microcomputer (Apple II)

Figure 2. Diagram of aerobic reactor (Nguyen, 1989).

Table 1. Main characteristics of the reactor (Nguyen, 1989).

Description Aerobic reactor

Reactor

reacting volume (variable) 4,5-1.591

biofilm-liquid contact surface area (variable)| 1760-565 cm2
Outer cylinder

overall height 30.8 cm

inside height 25cm
Inner cylinder (rectified PVC disk stack)

number of disks used for sampling 7

disk diameter 20cm

disk thickness 3cm
Total height of stack 29.5 cm
Contact surface area per cm of disk height 62.8 cm2




254

2.2. CHOICE OF TECHNIQUES

2.2.1. Analysis of physico-chemical parameters.

- Biofilm thickness. It appears from the literature that the techniques for estimating this value are
very diverse and sometimes ambiguous (Characklis et al., 1982 ; Huang et al., 1985). Moreover,
the way the sample (biofilm) is conditioned can considerably alter the measurements.

To avoid these disadvantages, we developed a biofilm sampling, conditioning, and observation
method based on the experimental arrangement shown diagrammatically in figure 3. This device,
which has the same diameter as the cylinder, allows the biofilm to be kept in conditions very close
to those prevailing in the reactor, thanks to the circulation of water. The biofilm’s external structure
can thus be correctly visualized, and its mean thickness and standard deviation deduced from
statistical treatment of a large number of observations. The mean value of the thickness (8,,) is
estimated from photographic observations.

outle

water inlet

1. Wild stereoscopic microscope with micrometer objective
2. light sources

3. disk immersion dish

4. disk under observation, can be moved simply by rotation
5. biofilm

6. optical glass

Figure 3. Apparatus for biofilm characterization.

- Biofilm mass. Unlike most experimental arrangements put forward in the literature, our
device provides easy access to this parameter. Biofilm is collected by simply scraping the sample
disk, dried in the incubator, and weighed. Since the disk has a sufficient surface area, either one
large fraction of the biofilm or several fractions can be recovered. A previous statistical study of
the disks (each divided into four parts) allowed us to estimate the accuracy of the measurements,
which depend in particular on how advanced growth is (30 % in latent phase for masses of the
order of 50 p D.W.cm™2 ; 5 % in accumulation phase corresponding to masses of
100 pg D.W.cm ™. In cases where greater accuracy was required, we carried out determinations
of the products constituting the biofilm (proteins, polysaccharides) using the conventional
methods of Lowry et al. (1951), and Dubois et al. (1956).

2.2.2. Analysis of biological parameters. We characterized biofilm activity using ATP
measurement, following the protocol suggested by Cogny (1987), and dehydrogenase activity by
Nguyen’s method (1985).
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3. Structural aspects of biofilms
3.1. OBSERVATION OF A BIOFILM

A biofilm is a set of micro-organisms and products which attaches itself to a solid support and
increases in thickness until it forms a layer which is generally voluminous and jelly-like. But the
external structure of the biofilm is not at all regular and uniform as many authors have assumed.
Outgrowths appear in filaments, giving a very rough surface with irregularities. These
observations allow us to judge the validity of the notion of characteristic thickness of a biofilm,
i.e. to verify one of the hypotheses of the diffusional transport model.

Experiments performed on mixed, anaerobic (Belkhadir, 1986) and aerobic (Nguyen, 1989)
biofilms have shown that film growth occurs in six distinct phases, as follows : latency, dynamic,
linear, decrease, stabilization and detachment phases. We shall look at the kinetic characteristics of
each phase in the next section.

Front- and side-view photographs were taken of the biofilm in each phase. The photographs of
the growth of an anaerobic film are given in figure 4. We can see biofilm growth dynamics in
which the induction phase corresponds to the establishment of micro-colonies on the support.
These micro-colonies are initially evenly distributed over the support (photo A'), as stated by
Christensen et al. (1988). After a relatively short time (10 hours), two phenomena are visible: the
density of colonies on the surface has increased, as has the mass of individual colonies
(photo B'). An increase in colony mass is thus observed without the support being completely
colonized, even after 43 hours of culture time (photos C' and D").

A comparison of the front and side views of the biofilm brings to light an observation artefact
connected with the techniques used. In the front view, the biofilm is seen to be discontinuous
(colonies spaced out and uniformly distributed over the surface), whereas the side view gives the
image of a continuous biofilm for which a characteristic thickness can be found. In fact, the side
view juxtaposes colonies in the same plane of observation, which gives the impression of a
pseudo-biofilm corresponding to the outer envelope of the colonies. In contrast to the hypotheses
mentioned above, the biological films that we developed, did not lead to a plane uniform surface
but, on the contrary, a relatively high heterogeneity of structures.

In all cases an initial stage was observed in which certain types of bacteria adhered to the
surface (Capdeville and Nguyen, 1990), forming inoculation points from which the supports were
colonized. This observation has been confirmed by other works (Hernandez et al., 1989) which
consisted of a study of the preliminary stage of attachment of a mixed bacterial culture on special
supports composed of synthetic polymers, such as ultrafiltration membranes, or thermoplastics
(polyethylene, polypropylene, polystyrene, PVC). It is possible to change the surface properties
of these supports, notably their hydrophobic character (hydrophilic-lipophilic balance) and the
nature of the chemical functions and surface charges, by various techniques (cold plasma, coating,
etc.). The stronger the positive surface charge of the support, the stronger this interaction proves
to be (see figure 5). However, controlling the initial bacteria adherence conditions themselves
remains difficult. Nevertheless, it is still possible to accelerate colonization of a support by slow
growing bacteria, which is all the more justified when thermoplastics with non-porous surfaces
are used.

All these results tend to show that the dynamics of colonization of a support does not involve
successive superposition of layers of micro-organisms but rather obeys physical laws of
interaction between the bacteria and the support (general law of occupation of an available area).
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At macroscopic level, the surface structure of the aerobic biofilm is completely different from
that of an anaerobic film from the linear growth phase onwards. If the dissolved oxygen content is
greater than 1 mg O,/l, the surface of the aerobic biofilm is very irregular because of the
filamentous outgrowths (see figure 6), which give it a fairly large pseudo-thickness. The surface
of the anaerobic biofilm, on the other hand, is more regular and it is not so thick. Thus, the
reduction of the biofilm density is proportional to the increase in the oxygen concentration. These
observations confirm those of Christensen et al. (1988) and Hamoda et al. (1987).

3.2. GROWTH KINETICS OF A MIXED BIOFILM

Our experiments on the growth of aerobic and anaerobic biofilms have enabled us to
characterize the kinetics of these phenomena. It can be observed that the growth kinetics of the
aerobic film (Nguyen, 1989) are identical to those of the anaerobic one (Belkhadir, 1989). For
example, figure 7 shows the changes with time for substrate concentration (S) at the outlet of a
continuous feed reactor, product concentration (if anaerobic), dissolved oxygen concentration (if
aerobic), mass of fixed bacteria (My)) and the resulting pscudo-thickness of biofilm. Biofilm
growth can be described according to the following six phases:

3.2.1. Latency or activation phase. This corresponds to a phenomenon of adsorption of organic
molecules and a phenomenon of fixation of isolated bacteria (Fletcher, 1980). We note the
establishment of small, dispersed colonies of bacteria, preferentially localized at surface
irregularities. The duration of this phenomenon depends enormously on the incoming substrate
concentration and the surface properties of the support. This phase remains very difficult to
control.

3.2.2. Acceleration or dynamic growth phase. This corresponds to very rapid development in the
colonization of the support from the micro-colonies fixed initially. Since the organic substrate and
oxygen are available in quantities largely exceeding consumption needs, the micro-organisms
colonize the support with a maximum growth rate. In the side view, a thin layer characteristic of a
bacterial film appears towards the end of this phase. During this phase we observe :

- arapid increase in the rate of production of polysaccharides and proteins ;

- arapid, massive fall in the substrate concentration ;

- a large oxygen consumption in the case of growth of an aerobic film. The initial dissolved
oxygen content then becomes limiting and it becomes necessary to provide an outside source
of oxygen (dissociation of HyO, by an enzyme, for example) ;

- a great production of fermentation metabolites in the case of growth of an anaerobic film ;

- a very clear accumulation of fixed biomass.

In this phase we also observe that the substrate concentration at the outlet tends towards a
minimum, non-zero limit value (Sp,;,). This implies that the biofilm's capacity to remove
substrate is tending to its maximum. In consequence, the changes in biofilm total dry matter (My,)
do not express these equilibrium states. To explain this phenomenon, Belkhadir (1986) suggests a
new concept based on the existence of active and deactivated micro-organisms (M, , M 4 concept)
making up the biofilm. The activated bacteria (M,) are responsible for breaking down the
substrate. They either constitute the departure point for new colonies or are situated at the edges of
existing colonies. The inert or deactivated bacteria (M ) no longer play any role in the depollution
process. This biomass, normally situated inside the colonies is the result of the transformation of
active bacteria which have lost their capacity to break down substrate but retain a certain enzymatic
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activity. The deactivation, connected with an effect of confinement due to the accumulation of new
cells, must depend on the fraction of the surface area occupied. Belkhadir (1986) puts forward the
diagram shown in figure 8.

Induction
phase

Dynamic
phase

Linear
phase

Decrease and
stabilization
phase

N

Time

SIDE VIEW FRONT VIEW

Photo A. Biofilm after Photo A', Dispersed white
6 hr of functioning bacterial colonies
on the disk surface

Photo B. Biofilm thickness Photo B'. Growth of bacterial
(90 pm) after 16 hr of colonies and appearance of
functioning new colonies

Photo C. Increase of biofilm Photo C'. High density of
thickness (150 pm) after microbial colonies on the
25 hxr of functioning whole disk surface

Phote D. Continuous increase Photo D'. Front of
of film thickness (270 pm) biofilm surface
after 43 hr of functioning

Figure 4. Microscopic observation (x225) of an aerobic biofilm growth (Nguyen, 1989).
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Figure 5. Interaction of a mixed population of heterotrophes with anionic UF membrane (RIS
3050RP) : (A) free membrane, (B) membrane coated with sodium oleate (Hernandez et al., 1989).

A) (B)
Figure 6. Side view (x130) of (A) anaerobic biofilm and (B) aerobic biofilm
in the stabilization phase (Belkhadir, 1986).
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Figure 7. Growth kinetics of (A) an anaerobic biofilm (Belkhadir, 1986)

and (B) an aerobic biofilm (Nguyen, 1989).
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Figure 8. Diagram of bacterial colony development on a support (Belkhadir,
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As far as the depollution process is concerned, the acceleration phase plays an important role.
It corresponds to the setting up of a permanent mode of functioning with respect to the active
bacteria and thus with respect to the substrate consumed. It is for this reason that the phase is
known as the dynamic growth phase.

3.2.3. Linear accumulation phase. This corresponds to the accumulation of biomass on the
support at a constant rate. Its characteristics are :

- a constant substrate concentration at the reactor outlet, expressing a permanent mode of
functioning in the liquid phase ;

- a constant oxygen consumption in the case of aerobic biofilm growth ;

- constant product concentrations in the case of anaerobic biofilm growth.

From the macroscopic standpoint, the side view of a biofilm shows a uniform thickness from
the linear accumulation phase onwards. The plan view shows that the colonization of the support
is completly realized. However, the aerobic biofilm surface structure may be very irregular
because of the presence of filamentous outgrowths depending on the dissolved oxygen
concentration.

From the (M, M y) concept viewpoint, the linear development of total biomass (M) with time
indicates a slowing of the process relative to the dynamic growth phase. The causes of this, which
are connected with support saturation, are multiple and concern inhibition effects due to cell
density or the accumulation of toxins. This conclusion is the same as that drawn by Christensen et
al. (1988) who hypothesize that the products in the micro-environment of the bacteria and the
secondary products inside the biofilm may create environmental conditions unfavourable to
bacterial activity. According to Belkhadir (1986), these effects can be grouped together under the
term "confinement".

To explain the inhibiting effects of the products, we must divide them into three types :

- primary products : these are the metabolites released into the liquid phase during growth (case
of anaerobic processes where the fermentation products are ethanol, acetic acid, etc.) ;

- secondary products : these are extra-cellular metabolites remaining adsorbed on the membrane
(e.g. exopolymers) ;

- tertiary products : these are intra-cellular metabolites, transformed and released during cell
lysis (metabolites re-released).

These products can have two different actions :

. like the stacking up of layers of bacteria, they can modify the transport conditions in the
neighbourhood of the cell, with a stifling or masking effect. This role can probably be attributed to
the secondary products ;

. they can have a toxic effect in the physiological sense of the term. This role may particularly
concern the primary products and the metabolites that are re-released.

From a practical point of view, the linear accumulation phase presents little interest for
depollution, given that the maximum substrate degradation potentials have already been reached.
In contrast, it favours a modification of the volume properties of the bioparticles in a fluidized
bed.

3.2.4. Decrease phase. This corresponds to the transition between the accumulation of biofilm at a
constant rate and its stabilization at maximum mass and thickness values. It is expressed by a
slowing down of growth connected with hydrodynamic stresses which prevent the accumulation
of new cells. During this phase, physical phenomena become preponderant relative to biological
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ones. The biofilm becomes sensitive above all to shear stresses (Rittman, 1982), in particular in
the case of aerobic biofilms obtained with a high concentration of dissolved oxygen (mainly
because of their very loose, filamentous structure). This phenomenon prevents any additional
accumulation of biofilm. It should be noted that, during this phase, the amount of suspended
solids in the effluent at the outlet of the reactor increases all the time. To justify that these
suspended solids are made up of biofilm detached by the shearing forces, Belkhadir (1986) has
shown, through observations under the microscope, that the internal structure of the fixed biofilm
and that of the suspended material are practically identical. This phenomenon is all the more
marked in aerobic biofilms when the dissolved oxygen concentration is high. This shows that a
filamentous structure is very sensitive to shearing forces.

At the end of this phase, the biofilm's total mass and thickness tend towards maximum values ;
a steady state is established for the biofilm.

3.2.5. Stationary or biofilm stabilization phase . This corresponds to a balance between the loss of
biomass due to physical stresses and the growth of new cells at the edge of the biofilm. Its
characteristics are constant maximum values for the biofilm mass and thickness, which
corresponds to the establishment of a steady state for the biofilm, the steady state having already
been reached in the liquid phase. This phase is generally short-lived and depends on certain
running conditions such as the substrate supply concentration and the shearing forces. In certain
cases (high substrate concentration, high rotational speed) this phase does not seem to exist.

3.2.6. Detachment phase. The detachment of the biofilm is a random phenomenon depending on
the behaviour of the bacteria fixed directly on the support. Too great an accumulation of biofilm
results in this phase being characterized by biological factors like cell lysis in the deep layers and
changes in the interactions between the bacteria and the support, and physical factors like the
action of the force of gravity and tangential forces on the mass of the biofilm. In this phase, the
suspended solids in the liquid increase and their permanent functioning relative to the substrate
and biomass concentrations are out of balance. Moreover, an increase in the amount of the
substrate in the liquid phase is observed, in connection with a partial or total loss of the biofilm. A
new biofilm starts to grow in the areas where the old film has detached itself. This phase generally
marks the end of biofilm increase.

3.2.7. Conclusion . The most important consequence of the biofilm growth study is to show that
two steady states are established :

- a steady state functioning established in the liquid phase, which is reached at the end of the
dynamic phase and has corresponding very thin observed biofilm pseudo-thicknesses (50 um at
most) ;

- a steady state functioning with respect to the observed biofilm mass, which is reached in the
stabilization phase and corresponds to thicknesses of a few hundred microns.

Figure 9 shows all the phases with their kinetic and structural signification.

Comment : In the case of a biofilm, ATP, which is a characteristic of living cells, should reflect
the metabolic activity of the active micro-organisms only. But Nguyen (1989) indicates that the
ATP, protein and polysaccharide parameters are functions of the type y = a.x with respect to the
total mass of the biofilm (My). This implies that the quantity of active biomass in the biofilm
increases proportionally to the total mass of the film, which should be expressed by a decrease in
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substrate concentration in the fermentor beyond the dynamic growth phase. This is not confirmed
by experiment. So it seems that this quantity is not simply characteristic of substrate metabolizing
activities by the active micro-organisms. The intrinsic substrate removal rate thus remains the
essential characteristic showing the potential of the active bacteria.

PARAMETERS

I/ — T 02
/ transitY / Mb e |TiMe
biofilm growth plhase stabiliz0 |
of
(atent | expon! linear decrease | biofilm
phase | gynamic
phase stationary ph f Ma.
e, i y phase of Ma
transitory / Ma. permanent / Ma.

Figure 9. Presentation of different growth phases of biological film (Nguyen, 1989).
4. New foundations for the modelling of biofilms
4.1. THE KINETICS OF BIOFILM GROWTH

The modelisation of biomass growth is based on the concepts of active micro-organisms (M)
and deactivated micro-organisms (M 4). The active bacteria are responsible for the breaking down
of the substrate and are characterized by a specific rate of growth (). The deactivated bacteria
play no role in the substrate breakdown process, although they can help to maintain certain
enzyme activities. Using this definition, the total biomass (My) is defined as :

Mp=M,+My ¢))

Various models are generally used for modelling the kinetics of growth. Their starting point is
a first order differential equation relating to the concentration of micro-organisms which can be
written as follows :
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dX/dt=p.X or dX/di=pX-kIX

where : p : the rate of growth
k : the coefficient of arrested growth or mortality
X : the concentration of the biomass
I : the concentration of inhibitory product.

The objective of these models is to define the rate of growth, and they represent the hypothesis
that, at any given moment, the population of bacteria in a culture will multiply as long as either
some substrate exists or the concentration of inhibitory product is not critical ; the speed of
multiplication must be continually modified.

To describe the kinetics of the fundamental growth phases of a biofilm, Belkhadir et al. (1988)
proposed :

- the intrinsic kinetics of growth of the active biomass (rpg) of order 0 in relation to the
substrate and order 1 in xelation to the active bacteria :

I've = Ho - M @
where : Ho : the max1mum growth rate (T ~ )
M, : the active mass per unit of surface area (ML™ )
- the kinetics of deactivation (ryq) dependant on the cell density (the confinement effect) and
the accumulation of inhibitors :
=k.LM, 1 (©))
where : kl the constant of deactivation (M ~ L3T 1)
I : the concentration of inhibitors (ML~ )

The rate of accumulation of active bacteria on the support is given by :

(dMa/dt)acc = I'nvg - Wl ()]

Furthermore, it is stated that the concentration of inhibitors is proportional to the cell density,
and that at the end of the dynamic growth phase the quantity of active biomass is maximal and
constant (Ma)max’ since the concentration of substrate at the reactor outlet is constant and
minimal. From which we get :

@My/d) gy = RoMg-kpMgZ  where: Ky =4o/Mpmax
From here the following differential equations are deduced :
(AMy/dD) goe = K oMy [1 - My/Mpmax] Q)
and: 1y =@M gd) e = B M2 MM max ©)

The expression for the rate of accumulation of active micro-organisms in the reactor results in a
sigmoid model based on a mathematical function known as a logistic function. This expression,
which gives sigmoid shapes like those observed in autocatalytic phenomena had considerable
doubt cast upon it by Monod (1942). But in a study performed in our laboratory on the growth of
dispersed cultures from the analysis of gaseous metabolites by mass spectrometry, Chang (1988)
confirms this concept, bringing in, however, the idea of viable and non-viable bacteria.

Furthermore, the experimental observations of Belkhadir (1986) show that the density of
micro-colonies depends on the surface area available on the support. The fraction of the surface
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covered (a/A ) is therefore introduced into the kinetic expression, equation (5), bearing in mind
that M, and (M )4 are proportional, respectively, to the biofilm liquid exchange surface area
corresponding to the exchange surface area at the instant t, and to the total exchange surface area at
the end of the dynamic phase. We thus arrive at :
(AMy/dD) 5 = oM B(A,-/A @)
where :  a: the surface area covered by the micro-colonies at the instant t
A, : the initial surface area of the support
B : a correction term for the difference between the surface area of the model and that
of the physical reality of the phenomenon.
This equation shows that as long as there is surface area available there will be increase in the
quantity of active biomass (biological space concept).
The speed of accumulation of the active bacteria, in its differential form, equation (5), is a
Riccati equation, easily integrated in certain conditions :
M, inJo, Mpmax[ and p,#0
Integration of equations (6) and (5) gives, respectively :
- the variation of the mass of active bacteria (M a) with time
M,y),.eHot
M, = ®
1= [(Mp) /M ) [ 1-6HO1]

where (M ,) , represents the initial active mass corresponding to the start of the dynamic phase
of growth, which is also the time origin.
- the variation of the mass of deactivated bacteria (M g with time "
Mg = (M) Ln [1-(MMp)au)-(1-cHOD)] Moo (- ©
= .Ln[1- -e +
a’/max a™Ma/max/-
1- [(Mp)o/Mp)ax]-[1-€H0]

- and the variation of the observed mass of the biofilm (Mb) with time, knowing that My, is
equal to the sum of M, and My
Ma)o

= (Mp)max L0l 1-M /M) o )-(1-e HOb] + 10
My a’max /" a’max: 1-[(Ma)o/(Ma)max]'(1'eum)

It should be noted that these expressions give the variation of the different masses, assuming
that biomass loss by hydraulic shearing remains negligible in the first part of the process. From
this concept, it is possibe to simulate the variations with time of the active biomass, of the
deactivated biomass, and of the total mass of the biofilm, in the dynamic and linear growth phases
of a biofilm.

If we take relatively short time, corresponding in fact to the dynamic phase, expressions (8)
and (10) can be simplified to :

M, = (M,),.eHo and dMp/dt # po My (11)(12)

This expresses a logarithmic variation of biofilm mass such as reported in the literature by La
Motta (1976), Trulear et al. (1982), and Characklis et al. (1982). '

Under these conditions, the maximum growth rate (K,) can be estimated in the semi-
logarithmic plane [Ln(My,), time] (Belkhadir, 1988). However, this estimate may be inaccurate
because of the few experimental points obtained in the dynamic phase, the duration of which
depends notably on the feed substrate concentration. A better estimate of this parameter can be
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made by parameter adjustment using Hooke and Jeeves method in the plane [S, time] (Nguyen,
1989).

As far as the M M ¢ concept is concerned, the linear variation in the mass of dry matter in
the biofilm with time shows a slowing down of the growth process relative to the dynamic phase.
Under these conditions, i.e. if the time is sufficiently long, equations (9) and (10) can be
simplified to give the following expressions :

*Mg = HoM Pmax-t + Mpmax-[Ln [(Mp)o/Mplmax ] - 1] (13)
then Mg=Kt+Cy 14)
*Mp = Ro-MPmaxt + Mpmax-[Ln [(M )/ Ma) o 1+ 1] 15)
then M,=K1t+Cy (16)
with  K=p My may 17
which represents a constant rate of biofilm accumulation on the support.
then np=Tva=K= ”0'(Ma)max (18)

Equation (18) shows that there is a balance between the quantity of active bacteria and the
quantity of deactivated bacteria. The latter accumulate on the support at a constant rate and are
responsible for the observed accumulation of biofilm. The constant K can thus be determined in
the plane [My, time] (Belkhadir, 1988). Moreover, since the maximum growth rate (1) can be
determined from the dynamic phase, the maximum quantity of attached active bacteria (M p)pax
can be deduced from expression (17).

Under these conditions, the model can be adjusted and simulations performed for the dynamic
and linear phases. Figure 10 shows a good fit between the experimental points and the theoretical
model, indicating that the hypotheses of the (M,, M 4) concept are coherent. This would confirm
that the biological process is controlled by physiological factors such as inhibition and diffusion
limitations in the vicinity of the bacteria.
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Figure 10. Adjustement and variation with time of M, M  and M,
for an anaerobic biofilm (Belkhadir, 1986).

4.2. THE KINETICS OF SUBSTRATE REMOVAL

In dealing with the difficulty of quantifying the active biomass of a biofilm by ATP
measurements, it is necessary to control the kinetics of the breaking down of the substrate, in
order to be able to interpret the kinetics of biofilm growth. Our experimental results permit us to
study an original model of the removal of substrate, based on the following hypotheses :
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- according to the (M 5, M y) concept, only the bacteria situated in the peripherical layer of the
biofilm are responsible for the breaking down of the substrate ;

- the influence of substances which are in suspension at the time of the dynamic and linear
phases is relatively weak, and the fraction of the substrate consumed by these is negligible
compared with that used up by the fixed bacteria. Maintenance phenomena are also ignored.

The substrate balance in transient mode at the input and output of a completely mixed fermentor
can be written :

-Q—s—’\ r.l (internal variation) = Input - Output - Consumption
1 1 V.(@dS/d)g=Q.(S, - S) - V.(rg)g (19)
S lvalag| ¥ th'lilsl (dS/dtyg = D.(S, - S) + (rg)G 20)
wil
* P (rg)g = overall substrate removal rate (ML 31 '1)
|g—$}F ves V = reactor volume (L)
| Q = feed flow rate (L3T'1)
- (ossese Q/V =D = dilution rate (T 1)

If we neglect substrate consumption by matter in suspension, and consider a global conversion
yield (Y ;3) taking into account maintenance and metabolite production reactions, the global
substrate removal rate can be written in the form :

oM, @1

()G = - ——
V.Yg

By introducing equation (21) into expression (20) we obtain :

d(Sy-S)

(“) = ( )+ D(S,-9) = 2o M (22)
dt F - F -0 - VYG uo' a

In the steady state in the liquid phase, characterized by a minimum substrate concentration
(Sppip) at the fermentor outlet and a maximum quantity of active biomass (M )., We can write :

S Ao

0 -Smm = VY—GIDI.LO(Ma)Inax (23)
thus
v Ao My KA o
Q(Sy- Sy Qg - Sin)

The general equation for substrate removal in transient mode is obtained by replacing the value
of Yg (24)in (22):

4608

M
+ D(S,-S) = DS, - Spyin)- a (25)
dt )F 0 0 "min’ (ny Dmax
where M, is a function of time given by equation (8).
Two cases can be distinguished for solving equation (25) depending on whether internal
variation is negligible or not. In the case where the internal variation is negligible compared with
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the term (S - S), expression (25) associated with equation (8) gives, directly, the substrate
concentration variation at the fermentor outlet as a function of time :

So - Smin My - eHot

S=S§,- .
® Mmax 1- [(Mp) oM ) g 1. [1 - €M1

(26)

Figure 12 shows example of the fit of the curves of (S) and (Mp) as a function of time for
anaerobic and aerobic biofilms.
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Figure 11. Growth and substrate removal kinetics for an (A) anaerobic biofilm (Belkhadir, 1986)
and (B) aerobic biofilm (Nguyen, 1989).

It is interesting to characterize the rate per unit volume of the substrate removal reaction (k?v)
expressed in mg of substrate consumed per unit volume of active biofilm per unit time (ML'3T ).

From equation (21), and expressing (M 2 as a function of the density of active cells per unit
volume of active biofilm (Xa) and of an active pseudothickness (Sa) defined relative to the
geometrical surface area, we obtain :

AyM,=X,.8, A, @7
The global reaction rate can be expressed as :
Mo X
(g =-2Xa %o 5 %)
Yo V
thus %
Ho-A g
Koy = (29
ov
Y

By definition, the flow of substrate consumed in the biofilm is equal to the speed of the
substrate removal reaction, expressed with respect to the surface area of the biofilm, taken to be

For a steady state in the liquid phase, we have :
FG)max =Koy - (Sa)max = Q.(Sp - Smin)/ A @D

By combining equations (29) and (34), we obtain the equation which expresses the changes in
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koy With S
koy= Koydm - So/Sg +Soc) 32)

where (ko) =Hom - XAYG

Similarly, by combining equations (30) and (32), we have:
FG=Fg)m - So/So+Soc) (33)
where (FG)m = oy - Oamax

Using the maximum values for flow and k,, it is possible to deduce the maximum active
pseudo-thickness ( aa)max' In our studies on anaerobic and aerobic biofilms, (aa)max has always
been less than 60 pm. However, this pseudo-thickness represents a great overestimation, given
that the actual surface area of the biofilm is much larger than the geometrical surface area
(particularly in the case of aerobic biofilms).

5. Study of the various factors influencing biofilm growth

After many observations in the study of the various factors influencing biofilm growth and
substrate removal kinetics, it appears that the influence of the initial substrate concentration (S ) is
often debatable (Ohgaki et al., 1978 ; Molin et al., 1982 ; Characklis et al., 1988). Kornegay et al.
(1968), Ohgaki et al. (1987), and Rittman et al. (1981) consider that the maximum growth rate
(Mo ) and the threshold substrate concentration (K) are constants independent of the supply
concentration (S ;). On the other hand, La Motta (1976) noted a clear dependence of Hom On Sy,
which can be expressed by the equation put forward by Gaudy et al. (1973) :

Ho =Mom - So/(So+ Soc) (34)

where i, = exponential growth rate (h"l)
Wom = maximum exponential growth rate (h'l)
Soc = initial substrate concentration for which W, = 1o, /2.

Moreover, this model has been experimentally confirmed by Belkhadir (1986) in a fundamental
study of an anaerobic biofilm and also by Nguyen (1989) for a fixed aerobic culture in a ring
reactor. These authors brought to light the main factors influencing biofilm growth and substrate
removal kinetics (for a substrate of a known, constant type), such as initial substrate
concentration, dissolved oxygen concentration, and physical parameters like hydraulic residence
time and shearing force (which in this case was connected with the speed of rotation of the disks).

5.1. INFLUENCE OF THE CARBON SUBSTRATE CONCENTRATION

The changes in quantity of aerobic biofilm (My,) in the dynamic and linear phases after
parametric adjustment show that the greater the S, concentration, the more dynamic the growth
(figure 12).

We thus have a relationship linking the exponential growth rate (L) and the biofilm
accumulation rate in the linear phase (K) depending on S, (figure 13). Furthermore, the overall
substrate removal rate (r s)G is controlled by the S o concentration.

Consequently, the substrate removal rate per unit volume (kqy) expressed in mg of substrate
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consumed per unit volume of active biofilm per unit time is not constant but depends on S, (figure
14). The maximum active masses of fixed micro-organisms (M a)max are constant whatever the
S, concentrations (figure 15). The same results have been observed with anaerobic biofilm
(Belkhadir, 1986).

Our results show a surface reaction which is independant of the biofilm thickness (up to 200 to
300 um) and the reaction rate is not constant but depends, in particular, on the concentration at the
reactor inlet. This indicates that the substrate removal remains reactive.
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Figure 12. Influence of S, on My, for an aerobic biofilm (Nguyen, 1989).
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Figure 13. Variations of i, and K with S  for an aerobic biofilm (Nguyen, 1989).
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Figure 14. Influence of S on k,,, for an aerobic biofilm (Nguyen, 1989).
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Figure 15. Variation of (M ») x With S for an aerobic biofilm (Nguyen, 1989).

5.2. INFLUENCE OF THE DISSOLVED OXYGEN CONCENTRATION

For attached aerobic cultures, Nguyen (1989) has performed a series of experiments in which
the dissolved oxygen concentration was kept constant in the reactor by supplying H,O, and
catalase. The results obtained show that the exponential growth rate of the biofilm increased
rapidly with the dissolved oxygen content, becoming constant above a value of 1 mgO,/1
(figure 16). The accumulation rate, on the other hand, shows a maximum for this oxygen
concentration. This is the consequence of a change in the structure of the biofilm and the micro-
organisms composing it. At low dissolved oxygen concentrations (< 2 mgOy/l) the biofilm has a
dense structure of non-filamentous bacteria on which shear stresses have little effect. With rising
dissolved oxygen concentrations, the structure becomes hairy and homogeneous with filamentous
bacteria that are very sensitive to hydrodynamic forces.

430

oK (u.g.cm'2 |

0,(mg. 1)

Figure 16. Variation of biofilm growth and accumulation rates
depending on dissolved oxygen concentration (Nguyen, 1989).

5.3. INFLUENCE OF SHEAR STRESSES

The shear and frictional forces are linked together and have an influence on the colonisation of
a granular support, particularly in a three-phase fluidized bed. Where frictional forces are
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concerned, it is also necessary to take account of the quantity of support material in the reactor
(Heim da Costa, 1989). For fixed anaerobic cultures, Belkhadir (1986) has shown that the
influence of factors such as hydraulic residence time and speed of rotation on the kinetic constants
{Ly K and thus (M), .y }is slight. In contrast, the mass and thickness of the biofilm are
sensitive to the speed of rotation and remain maximum at a critical value of 40 rpm, which
corresponds to a tangential speed of 48.2 cm/s. In the case of a three-phase fluidized bed,
Lertpocasombut (1991) has shown that the total mass of biofilm depends on the hydrodynamics
imposed by the surface speed of the gas (see figure 1).

6. Biofilm modelling : comparison of the two concepts

The molecular diffusion of an organic compound through a biofilm is a theoretical concept
accepted because of its similarity to heterogeneous chemical catalysis (Bird, 1960). The resulting
biofilm model is based on the following hypotheses :

¢ plane, homogeneous film ;

- permanent state of the biofilm (characterized by a constant thickness) ;

« substrate transport in a single direction by molecular diffusion ;

« intrinsic zero-order kinetics with respect to the substrate : 1y =k, = constant.

The flow of substrate consumed in the thin biofilm is equal to the substrate removal rate,
expressed with respect to the biofilm surface area, which is taken to be equal to the geometrical
surface area A :

Fg=kgy.8, _

where 0, represents the thickness of film penetrated by the substrate.

For a thick biofilm, we introduce the penetration rate B = (8,)p,,,/e, Which represents the
active fraction of the biofilm relative to its total thickness (e).

FG = kOV' B.C

Based on this concept, the following conclusions are to be found in the literature :

- in a thin biofilm (f > 1), the diffusion rate is high relative to the reaction speed and the mode
of functioning is said to be reactional ;

- in a thick biofilm (§ < 1), the diffusion rate is low relative to the reaction speed and the mode
of functioning is said to be diffusional.

Thus, if for a thick (partially penetrated) biofilm the limiting factor is transport by diffusion,
the film can become completely active (totally penetrated) for a limit substrate concentration (Sy) at
the interface such that :

12 5,12 B=1.

8,= ¢ = (2 De/kyy)

According to Harremoés (1977), a 200 um thick biofilm becomes totally active with a
concentration of 1300 mg glucose /1. This supposes that the micro-organisms in the zone that is
inactive at low substrate concentrations keep the same growth potential as those in the active zone.
In other words, there are no growth limiting factors (inhibition, influence of cell density, products
elaborated, etc.) in a thick biofilm. Moreover, since the flow at the film-liquid interface is
proportional to the active thickness (Sa) and as kg, is taken to be constant, if the substrate
concentration at the reactor inlet (S,) increases, the concentration at the interface increases, which
necessarily leads to an increase in the active thickness (Sa), and thus in the active mass (M,).

But the experiments carried out by La Motta (1976), Belkhadir (1986) and Nguyen (1989)
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show that a) k,,, is not constant (dependent on S and b) that M, and thus Sa, hardly change
when the liquid phase is in a steady state (whatever the value of S ). This shows that the mode of
functioning remains reactional whatever the thickness of the biofilm. The substrate may
completely penetrate the biofilm but the micro-organisms are incapable of metabolizing it.

It is thus clear that the diffusion-reaction concept does not take account of the biological
phenomena and that it underestimates the reactivity (k) of the film by overestimating the active
thickness (Sa). The (M,, M 4) concept better describes the maturing and reactivity of a biofilm.
The resulting active thicknesses are of the order of a few tens of pum if the geometrical surface area
A, of the film is used as a basis. Given the heterogeneous nature of the surface, this, too, is a
considerable overestimate. It thus seems that, with respect to fixed culture treatment processes for
urban wastewater, it is not necessary to encourage a biofilm to grow thicker but, rather, to favour
the use of thin films.

7. Thin film fixed culture processes

The three-phase fluidized bed is currently one of very few processes capable of producing thin
biofilms. However, small particle beds (sand, etc.) are limited particularly by instability of the bed
(bioparticle washout) and by an insufficient transfer of oxygen in the liquid phase.

As a result of the fundamental research carried out in our institute on the kinetics of fixed
bacteria growth (Belkhadir, 1986 ; Nguyen, 1989), new granular materials have been developed
which enable us to resolve the above mentioned problems. This support, known as O.S.B.G.
(Optimized Support for Biological Growth) is composed of composite plastic balls which have
undergone surface oxidation to render them hydrophilic (Capdeville et al., 1988). The materials
have optimized volume (diameter, density, shape) and surface (critical surface tension for wetting,
surface charges, surface energy) properties.

Laboratory tests are currently being performed with the help of ANVAR (the French national
agency for the valorization of research) and the Lyonnaise des Eaux company to put these
materials to use in turbulent and stirred fluidized reactors and also in submerged filtration reactors.

The research work being done at present by Hatzifotiadou et al. (1988, 1989) on
hydrodynamics and transfer of matter in three-phase fluidized beds shows in particular that the
overall oxygen transfer rate (k y a) is hardly affected by the presence of O.S.B.G. as compared
with conventional materials (sand, clay, pummice stone, etc.).

Investigations have been carried out using O.S.B.G. materials in order to control the biological
aspects of three-phase fluidized bed reactors, used to eliminate carbonaceous pollutants from
synthetic effluent (Lertpocasombut, 1991). The biofilm growth brings about two permanent
systems of operation : the first System is established very rapidly during the liquid phase when the
concentration of organic substrate becomes constant ; the second system, concerning the quantity
of fixed biomass on the support, establishes itself much more slowly after a period of
accumulation (see figure 17). In these experimental condiiions the active pseudo thickness
(Sa)max’ calculated in relation to the geometrical surface of the biofilm (overestimation), varies
between 15 and 35 pm.

The bacterial activity of the biofilm is measured by the dehydrogenase activity, using the I.N.T.
method (Nguyen, 1985). This permits us to determine the global metabolic activity of the fixed
bacteria (see figure 1). By use of the LN.T. parameter, we see firstly the establishment of the two
permanent systems in the dynamic phase and during the accumulation of biofilm growth, and
secondly the effect of an increase in the shearing forces (by increasing the flow of air) on the



273

specific activity of the biofilm.
In creating a thin biofilm, the three-phase fluidized bed permits the elimination of from 10 to

15 kgTOD/m~.d, leading to a total dry matter concentration in the reactor in the order of 0.5 g/l.
These conditions allow very stable reactor operation to be obtained (no bioparticle drag) and a
particularly low amount of sludge to be produced (0.1 to 0.2 kgD.W. produced per kg soluble
TOD eliminated), which can be explained by the very high catabolic activity of the biofilm.
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Figure 17. The dynamics of biofilm growth in a three-phase fluidized bed
(Lertpocasombut, 1991).

Other experiments concerning the denitrification of drinking water were also conducted using a
two phase fluidized bed reactor (Seropian et al., 1989 ; Lazarova et al., 1992). The results
obtained show that it is possible to treat nitrate loadings of 3 kg N~NO3/m3.d over very long
periods of operation.

Thus the O.S.B.G. materials in association with thin biofilms offer news perspectives for
attached culture processes, notably attached culture processes with circulation of granular material.

8. Conclusion

The fundamental studies performed on the growth kinetics of aerobic and anaerobic biofilms
have shown that the process can be described in six phases for the general case. After the latent
phase which can be controlled through the surface properties of the support material, one notes a
very fast dynamic phase, the end of which is characterized by the setting up of steady state
functioning in the liquid phase. At this stage the biofilm is in the form of juxtaposed micro-
colonies. Beyond this point the growth process slows down and an accumulation of biofilm at a
constant rate is observed. In order to explain this phenomenon we suggest a new concept (M Py
My concept) which relies on the hypothesis that a biofilm is made up of two classes of bacteria :
the active bacteria (M ), situated at the biofilm/liquid interface and responsible for metabolizing the
substrate, and the deactivated bacteria (M &) situated inside the biofilm and responsible for its
observed accumulation. After the linear phase the accumulation is slowed by loss of biofilm due to

shear forces.
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The study of the influence of various running conditions, notably the feed substrate
concentration (Sy), shows a very strong dependence between the biological constants
characteristic of the growth (L, and K) and this parameter. This is notably seen from the increase
in the substrate removal rate per unit volume (kov) with S, and the calculation of a constant and
uniform active pseudothickness over the whole surface area (A ) of the support leads to values of
the order of 20 to 30 pm. In fact, since the biofilm/liquid exchange surface is much greater than
Ay, the active pseudothickness is considerably less than 30 (m and the reaction tends towards a
surface reaction. Thus, if the process is always reactive and if it takes place at the surface, it is
necessary to control a) the initial stage of interaction between the micro-organisms and the support
and b) the “active thickness” of the biofilm. For the case of processes employing cultures attached
to a fine submerged granular medium, we have therefore developed a new material called
0.S.B.G. (Optimized Support for Biological Growth) which has optimized surface and volume
properties. The experiments underway at the moment, notably with fluidized beds, are
encouraging from several points of view : purification, reactor stability, hydrodynamics, matter
transfer and sludge production. The biomass concentrations reached at eliminated loadings of 10
to 15 kg TOC/m*~.d are only 0.5 kg/m3 and sludge production is extremely low (0.1 to 2 kg
D.W./kg eliminated TOD). These results show that a thin, uniform biofilm is the main objective to
be attained.
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1. Introduction

Multiple species biofilms comprise mixed bacterial populations within an extracellular
polymeric matrix bound to a substratum. These attached mixed cultures are subject to
interactions such as symbiosis or competition for either space or a common substrate; such
interactions are directly or indirectly influenced by a myriad of variables associated with the
surrounding environment. Spatial distributions of microbial populations are everchanging
under the selection pressures exerted by processes such as: (a) exchange of bacterial species with
the bulk liquid phase; (b) the relative efficiency of each species to metabolize their limiting
substrate(s) into viable cell mass and non-viable extracellular polymers; (c) transport of
limiting substrates and essential nutrients by molecular and convective transfer mechanisms;
and (d) biofilm removal processes brought on by either physiological mechanisms (sloughing)
or as a result of prevailing hydrodynamics (shear-related detachment). Evolution of spatial
distributions of species within a biofilm can affect the biofilm's overall performance in specific
situations (e.g., natural purification of contaminated surface- or ground-waters, in situ
bioremediation of xenobiotics, fate of recombinant DNA sequences and host microbes in the open
environment, specific biofilm wastewater treatment systems, and specialty bioconversions).
Consequently, it is critical to know how the ever-changing attached population distributions
can affect overall system performance in order to better design, interpret, and operate biofilm
systems.

2. Models of Biofilm Formation

Models which describe microbial growth either as an increase in total biomass or which
consider only simple, single microbial conversion reactions are called unstructured models. Such
lumped parameters approaches do not detail, for example, mixed culure population dynamics or
changes in cellular composition in response to changes in environmental conditions. A structured
model based on total cellular mass can not actually distinguish between pure and mixed
cultures. Although relatively simple, these models have been applied throughout the
industrial fermentation industry and the biological treatment sector verify experimental
observations and provide initial process design parameters. Since such models are based simple
biological conversion of substrate to cell mass, they are best suited for "balanced growth"
steady-state systems.

277

L.F. Melo et al. (eds.), Biofilms — Science and Technology, 277-289.
© 1992 Kluwer Academic Publishers.



278

Conversely, structured models do consider the additional detail of mixed culture
population dynamics, cell molecular composition changes, and multiple reaction sequences.
Consequently, a structured model is inherently better suited for simulating microbial
physiology or mixed population dynamics under transient, unsteady conditions. While
structured  models provide more detail about a system, this necessitates a more
phenomenological picture of the complex process interactions involved and quantitative
information regarding process rate parameters. Historically, models of biofilm performance
were initially unstructured, inductive "black-box" approaches that did not consider the
formation history of a biofilm but rather simply the biofilm's efficiency in metabolizing a
single limiting substrate. Evolution of our need to predict pure then mixed populations
dynamics within an developing biofilm as led to a number of successive derivations that span
the spectrum of unstructured to structured models as summarized by Wanner & Gujer (1986).

In the following, both modeling philosophies will be applied to biofilm formation
beginning with a simplistic unstructured biofilm formation model followed by three different
structured models; the first two structured models presume the biofilm is a well mixed
continuum with no spatial distribution of species possible and the third, more complex model
that accounts for spatial distributions of different species can arise in a developing biofilm.

2.1 AN UNSTRUCTURE MODEL OF BIOFILM FORMATION

2.1.1. Basic Model Assumptions. Unstructured versus structured modeling concepts are
discussed in some detail in this volume's chapter on process analysis (Bryers and Characklis).
Biofilm formation is assumed to occur on the exposed surface areas of a CSTR; thus, tacitly
neglecting any spatial heterogeneity in the bulk liquid. Suspended biomass in the bulk liquid
arises due to either cell growth and replication or due to shear-related erosion of biofilm
material. Planktonic cells leave the liquid phase by either the effluent liquid leaving the
reactor or by cell deposition onto the reactor surfaces. A single sterile growth limiting
substrate, S, enters the reactor where it is consumed by either the suspended or biofilm-bound
cells. Any reasonable measure of both biofilm and suspended cell concentrations is acceptable
(cell number, biomass dry weight, biomass organic carbon) but note in the unstructured approach,
no distinction between species or between cell carbon and EP carbon is made or required.
However, one most know the stoichiometric relationship between changes in the suspended and
attached biomass concentrations due to growth and the limiting substrate utilized.

2.1.2. A General Unstructured Model. Based on these assumptions and the scenario of
biofilm formation detailed by Bryers and Characklis (this volume; process analysis), material
balances for both the planktonic cell biomass and single growth limiting substrate can be
written as Eqns. (1) and (2),

Suspended biomass balance:

VdX/dt = -FX + rgsv + reroA - rdepA (1)

Limiting substrate balance:

VdS/dt= F(Sin - S) - [rgsV/Yxssl - [rgbA/ Yl ()

where X = suspended cell biomass, S = limiting substrate concentration, V = reactor volume,
Yy, = yield coefficient for suspended cells, Yp,s = yield coefficient for biofilm mass, and A =
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reactor area. Rate expressions for the remaining process rates (rgs, Tero, I'dep, rgb) have been
defined in the chapter on process analysis (Bryers & Characklis; this volume). with several
depending directly on changing biofilm amount, limiting substrate and suspended biomass
concentration. Should the reactor be operated at a residence time shorter than the generation
time of the cells, then one can assume the term rgsV is negligible; however, the corresponding
term in Eqn. (2) respresenting suspended cell substrate metabolism [rgsV /Yx/s] can not be
disregarded unless in the specific system it is determined small compared to the other terms.

Biofilm net accumulation can be described by Eqn. (3),

Biofilm net accumulation:
A [dmf/dt = rdep + rgb - rero] (3)

Since rate expressions for both planktonic and biofilm growth are non-linear saturation
kinetic functions of the instantaneous substrate concentration and first order functions of X and
my, respectively, Eqns. (1) - (3) are coupled, non-linear ordinary differential equations that
require either simultaneous numerical integration (for the transient situation) or simultaneous
algebraic solution under conditions of steady-state (i.e., dS/dt, dX/dt, and dm¢/dt = 0).
Trulear (1983) determined, by independent experiments on a mixed culture biofilm, values for
the various process rate kinetic constants which were then used to simulate changes in X, S,
and biofilm thickness, yf, in a rotating annular reactor operated at a residence time well in
excess of the generation time for the culture (Figure 1). In this study, the biofilm thickness yf
was determined as the ratio of the biofilm area mass concentration to the biofilm density

(m¢/pg).
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Figure 1. Progression of both liquid phase and surface parameters during
mixed culture biofilm formation in a completely mixed rotating annular reactor
operated at a dilution rate well in excess of the culture maximum growth rate.
(Trulear, 1983). Lines represent predictions of a computer simulation of an
unstructured model.
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2.2 STRUCTURED MODELS OF BIOFILM FORMATION

A number of different structured models of biofilm formation exist that vary depending on how
"structure" is applied to fulfill the needs of the research. Three will be detailed below; two
models add structure to the biofilm composition yet treat it spatially as a well mixed continuum
while a third model accounts for spatial distributions of both substrates and species within the
biofilm.

2.2.1. A Structured Model of Biofilm Composition. Bakke et al (1984) presents a
model of a pure culture biofilm system similar to that detailed in Section 2.1 above but in their
model "structure” is added by considering the total biofilm amount per area, mf, (measured as
total organic carbon/area) as the sum of attached cell carbon/area, B, plus extracellular
polymer carbon/area, EPp, (i.e., mf = B + EPp). A similar distinction is made for planktonic
biomass (i.e., X = Xc + EPg). As in the unstructured model in Section 2.1.2 above, this model
treats the biofilm as a well mixed reactor in that the components B and EPp, are assumed
uniformily distributed throughout the depth of the biofilm; no spatial gradients in the various
biofilm components are considered. By necessity, this structured model requires material
balances for Xc, EPs, and S in the liquid phase and B and EPp, in the biofilm phase. Similar
equations to Eqns. (1) - (3) can be written that now require new process rate details regarding (a)
the rate of EI? production by both suspended and attached cells, (b) separate erosion rates for
biofilm cells and EPp, and (c) additional stoichiometric coefficients relating substrate
conversion to both cell and EP production. The series of ordinary differential equations forming
the structured model of a pure culture biofilm cell and EP’ components are summarized below:

Substrate Carbon Balance:

dS/dt Ms L3 = D(S; - S) - {ub/Yb/s + qpb/ Yep/s!B -
{1e/Yx/s + qpe/ Yep/s)Xe )

Suspended Cell Balance:
dXc/dt MccL3#1] = -DXc + Fer/cA - Tdep/cA + HeXe ©)

Suspended Polymer Carbon Balance:
dEPs/dt [MpcL-3t1] = -DEPg + rer/pA - tdep/pA + qpXc 6)

Biofilm Cellular Carbon:
dB/dt [MccL2t"1] = upB + Idep/c - Ter/c @)

Biofilm Extracellular Polymer Carbon:
dEPy/dt [MycL241] = qpbB - Ter/p + Idep/p ®)

where D = system dilution rate = flow rate F/reactor volume V; qpb = specific polymer
production rate for biofilm cells = kp + k' where k is a growth related polymer production
rate constant and k' is a non-growth related polymer production rate constant; a similar term,
Qpc; exists for suspended cell polymer production rate; Yx/s and Yp /s are stoichoimetric
coefficients for substrate carbon conversion to, respectively, suspended and biofilm cell carbon;
Yep /s = the stoichiometric coefficient for conversion of substrate to polymer; rer/c and r'er /p
are, respectively, the erosion rates for cells and polymer per area biofilm, rdep/c and I'dep/p
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are, respectively, the net deposition rates of cells and polymer from the liquid onto the biofilm;
and Mp and [l¢ are, respectively, the cell growth rates for biofilm and suspended cells. If the
reactor in question is operated as a CSTR at a residence time less than the generation time of
the cells, the last term in Eqns. (5) can be assumed negligible. Bakke et al (1984) used results
from pure Pseudomonas aeruginosa biofilm experiments and steady-state versions of Eqns. (4) -
(8), to determine the individual stoichiometric and kinetic parameters associated with the
rate processes above. The reader should consult Bakke et al (1984 and 1990) for exact details of
their experimental study and the different functions assumed for each rate expression above.
Predictions of the above structured model compare well with experimental results of Trulear
(1983) for a Pseudomonas aeruginosa biofilm cultivated in an annular rotating reactor (Figure 2).
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Figure 2. Progression of liquid and biofilm parameters for Pseudomonas
aeruginosa biofilom formation in a rotating annular reactor. Lines represent
predictions of a structured biofilm model.

2.22. A Structured Model of a Mixed Culture Biofilm. Bryers (1984) proposed a
multiple species structured biofilm model that was a simple extension of the unstructured model
in Section 2.1 that incorporated additional material balances per each species in both the
biofilm and the fluid phase. Eqns. (4) - (8) can be repeated for each bacterial species
identified, provided the individual kinetic and stoichiometric parameters for the new process
rates are known. Either a separate growth limiting substrate can be assumed for each species
necessitating additional material balances or, should the bacterial species compete for the
same substrate, all that is required are additional substrate depletion terms per bacterial
species in Eqn. (4). Models of this type are essentially the same as the two previous versions in
that no consideration is given to any spatial segregation of cells or substrates within the
biofilm. Siebel et al (1987) report on the use of just such a structured model of a two bacterial
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species, Pseudomonas aeruginosa and Klebseilla pneumoniae , each competing for the same
electron donor (glucose) and acceptor (oxygen) within a rotating annular biofilm reactor. Values
for the individual rate constants for the processes of deposition, cell growth, and biofilm
erosion were determined experimentally from pure culture biofilm formation studies similar to
those depicted in Figure 2. Using the parameters from the pure culture studies, a binary
population model was employed to simulate the formation of the mixed culture biofilm; a
comparison of predictions and observations are provided in Siebel et al. (1987).

3. Modeling Spatial Distributions in Multiple Species Biofilms

A number of existing complex models can predict the development of spatial distributions of
different bacterial species within a developing biofilm competing for multiple growth limiting
substrates (Wanner & Gujer, 1986; Kissel et al. , 1984). The version of Wanner & Gujer (1984)
will be used here; for details regarding the derivation of their original model and subsequent
modifications the reader is directed elsewhere (Gujer and Wanner, 1990; Gujer, 1987).

A number of fundamental assumptions are
necessary in order to model a mixed culture biofilm
developing in a direction perpendicular to the plane
of the substratum (Figure 3). The model is based on
assumptions that (a) properties of the biofilm - i.e.,
bacterial species and substrate concentrations -
change only in the direction perpendicular to the
substratum and (b) that the biofilm is a continuum.
Biomass of each species "moves" due to convective
motion of that species' mass at a velocity dependent
not only on the cells growth rate at a point in the
biofilm but also due to displacement by neighboring
cells. Dissolved components in the liquid phase are
assumed to diffuse within the biofilm by molecular
diffusion assuming a constant diffusion coefficient;
(i.e., Fick's law prevails within the biofilm). (c) The biofilm overall volumetric density is
assumed to remain constant. (d) The model is capable of accounting for both extracellular
polymers and dead cell mass if desired. (e) Growth rate dependencies of each species on its
limiting substrate(s) can be any type of functional dependency (e.g., Monod, dual-Monod,
Blackman kinetics) and will vary locally with time as the biofilm develops. Finally, (f)
exchange of cells and dissolved components in the fluid phase with the biofilm can be linked
with a material balance over the reactor volume by assuming the biofilm develops within a
well-mixed CSTR.

ZoHpIEamc®n

Figure 3. Flux of species biomass
in an expanding biofilm.

A mass balance on microbial species i set up over a differential element of the biofilm can
be written as,

dfi/ot = uoifi - (1/pj) dgi/ oz )

where pj = the constant density, f; = the volume fraction, 10; = the net specific growth rate,
and gj = the mass of bacterial species i that is displaced per unit time and area relative to the
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substratum. The mass flux gj of species i can also be expressed as the product of the velocity u
at which microbial mass is displaced and its mass concentration,

gi (t,2) = u(t,2)pifi(t,z) (10)

The velocityy is unknown but can be determined by relating the biofilm volume expansion to
biomass production. Summarizing the results of Wanner and Gujer (1986), the mean observed
growth rate of biomass, lo, is

Wo(t,z) = du(t,z)/ oz (11)

Integrating to solve for the velocity yields,

zZ
u(t,z) =f Mo(t,z") dz'
0 (12)

If the biofilm grows or shrinks, the thickness L changes and the biofilm-fluid interface
moves at a velocity Uf, ,

ur, =dL(t)/dt (13)

Defining G() as the rate at which biomass is exchanged between the biofilm and the fluid
interface, then the velocity of the biofilm-fluid interface can also be expressed as,

uL(t)=f Ho(t,2')dz" + o (1)
0 (14)

In a similar fashion, a mass balance for any substrate i, can be written as,

9Si(t,z)/ot = ri(t,z) - 0ji(tz)/0z (15)

where Sj = the local, instantaneous concentration, ji = the mass flux, and rj = the observed
biological conversion rate of substrate i. The mass flux of substrate can be related to the
concentration gradient by Fick's first law,

ji(t,z) =-D;dSi(t,z)/ 0z (16)

The reaction rate expressions depend upon the microbial conversion and bacterial species in
question. Reaction rate expressions take the form of dual substrate limited saturation kinetics
minus an oxygen dependent endogenous decay rate,

1j (t,2) = ptipifilSo2/(Koz + So2)] [SEDi/(KEDi + SED)] - kepifilSo2/(Ko2 + So2)] (17)
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where L*j = the maximum growth rate constant for species i ; SO2 = the local instantaneous
concentration of oxygen (which is the common terminal electron acceptor for the ecology
considered in this study); K2 = the saturation rate constant; ke = the endogenous decay rate
constant for species 1; and SEDj and KgDj = the local, instantaneous concentration and the
saturation rate constant for the specific electron donor used by species i.

In one study, Gujer and Wanner (1990) considered populations of heterotrophic carbon-
oxidizing bacteria competing with autotrophic nitrogen-oxidizing species. In the case of the
heterotrophs, the electron donor is organic carbon, for Nitrosomonas spp. the electron donor is

ammonia nitrogen (represented here as NHz"-N), and Nitrite nitrogen (NO2™-N) for
Nitrobacter spp. Note: the oxygen dependent endogenous decay rate expression is identical to
that in the growth rate term which, should the oxygen at some depth in the biofilm go to zero,
renders the overall reaction zero at that (£,z). While this computationally prevents negative
reaction rates, it also tacitly ignores the potential for denitrification by facultative
heterotrophs; the biofilm model of Kissel et al. (1984) does account for possible denitrification.
Bryers and Banks (1990) used the Gujer-Wanner model to simulate biofilm development of two
heterotrophs, a Hyphomicrobium spp. growing exclusing on methanol and a Pseudomonas
putida metabolizing exclusively glucose, both competing for oxygen.

Maximum overall uptake of any substrate varies with time as the biofilm increases (or
decreases) and as the bacterial populations change; this maximum observed uptake rate per
unit area of biofilm can be calculated as the flux of substrate evaluated at z = L. Bacterial
species and substrate profiles in the developing biofilm can be numerically determined using
the methods of lines as detailed in Wanner and Gujer (1986). ’

3.1 COMBINED NITRIFICATION:CARBON OXIDATION BIOFILMS

Wanner and Gujer (1986) present an illustration of the utility of the multiple species
biofilm above for the competition between autotrophic nitrifying bacteria oxidizing ammonia
and nitrite nitrogen and heterotrophic carbon-oxidizing bacteria. An inert fraction of the
biofilm was also modeled to represent polymer production and inert dead cell material.
Dissolved components considered were organic carbon (as COD), NH4*-N, and Op. In the
following example, reactor inlet (and initial) conditions in the fluid phase were 3 (gCOD)m'3,

13 (gNH4+-N)m'3, and 8 (gOz)m'3. Biofilm thickness was initially set at 5 um and the various
biofilm components set at 0.0 inert fraction, 0.65 heterotrophs, and 0.35 autotrophs; expressed as
fractions of the total biofilm density here assumed to be 35 g em3, Figure 4 illustrates
predictions of the Wanner & Gujer model for the progression of biofilm thickness and species
distrubution with depth for the first ten days of the development.

Bryers and Banks (1990) employed the above model under slightly different conditions to
simulate experimental observations a nitrifyier:heterotroph biofilm. Parameters employed for
the computer simulations are provided in Table 1. Predicted fractions of biofilm species were
compared to the concentrations determined for both HET and NTF using dual radiolabelling of
the biofilm bacteria. Heterotrophs were radiolabelled with 14C-acetate (0.5 uCi/mL) while
autotrophic nitrifiers were labelled with NaH14CO3 (58)CI/mmol) followed by microtome
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sectioning of the biofilm at 20um depth intervals parallel to the plane of the substratum. For

details regarding these experiments the reader is directed to Bryers and Banks (1990).
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Figure 4. Model predictions of hetrotrophic:nitrifier biofilm species profiles.
Fraction of biofilm density of each species is based on a total biofilm density of
35 g cm™3. Feed conditions are stated in the text above. Fractions considered a
part of the biofilm mass are: (1) heterotrophs, (2) nitrifiers, and (3)
exopolmyers. Wanner and Gujer (1986).

Experimental disintegrations per minute were converted to cell numbers then to cell carbon
by calibration curves for each species. Predicted species concentrations in the Wanner-Gujer
model were converted from fractions of the biofilm density to mass-carbon areal concentrations
using the experimentally determined biofilm density. A comparison of predicted and observed
biofilm species distributions are illustrated in Figure 5A&B for two different experimental

conditions: a situation to promote nitrifyier dominance (NH4*-N = 5.0; O2 = 8.5; and Acetate =
1.0 ppm) and one to promote heterotroph dominance (NH4*-N = 5.0; O3 = 8.5; and Acetate = 3.0

ppm).

Table 1. Parameters Employed in Computer Simulations of Multiple Species

Biofilms
. Ecosystem I Ecosystem II

PARAMETERS Heterotrophs Nitrifiers Ps. putida Hyphomicro.

p*  (hrl)- 0.2 0.039 0.54 0.24

Ks (mgS/L) 5 (acetate) 1 (ammonia) 10.0 (Cé6) 0.01 (C1)

Ko2 (mgOy/L) 0.1 0.1 1.0 0.10

Yx/s (mgX/mgS) 0.45 0.10 0.42 0.30

ke (hl)- 0.008 0.004 0.005 0.002

Deff (cm?2/sec) acetate: 9.6E-06 methanol: 15.0E-06

ammonia:  17.2E-06 glucose: 5.0E-06

oxygen: 20.2E-06 oxygen: 20.2E-06
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Figure 5. Comparison of computer simulation using Gujer-Wanner model to mixed
heterotrophic-autotrophic culture biofilm experiments. (A.) NHg*-N = 5.0; O = 8.5; and
Acetate = 1.0 ppm. (B.) NH4*-N = 5.0; O2 = 8.5; and Acetate = 3.0 ppm.
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Figure 6. Comparison of computer simulation using Gujer-Wanner model to a binary
heterotrophic mixed culture biofilm experiment.  (A.) Both Pseudomonas putida and
Hyphomicrobium spp. seeded on surface at same time; nutrient conditions detailed in text. (B.)
Hyphomicrobium spp. pure culture biofilm grown for one day, exposed to Pseudomonas putida
suspension for 2 hours, then biofilm fed as in A. An artificial bi-layer biofilm is created.
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3.2 HETEROTROPHIC COMPETITION IN BIOFILMS

Bryers and Banks (1990) also simulated a second system, also summarized in Table 1, of two
chemoheterotrophs metabolizing separate electron donors but both competing for oxygen.
Pseudomonas putida ATCC 11172 metabolized exclusively glucose while Hyphomicrobium spp.
ZV620 grew only on methanol. Subsamples of the same biofilm sample could thus be exposed to
either 1‘lC-glucose or 14C-methanol to label the separate species. Samples were fixed,
embedded, and sectioned in 20 um thick increments parallel to the plane of the substratum as
describe in Bryers and Banks (1990). A comparison of predicted and observed biofilm
speciesdistributions are illustrated in Figure 6A&B for two different experimental conditions:
(1) an artificially constructed bi-layer biofilm where a pure culture of Hyphomicrobium spp. is
overgrown with Pseudomonas putida and then both electron donors suppled and (2) where both
Pseudomonas putida and Hyphomicrobium spp. are inoculated at time equal zero and grown on
equal concentrations of glucose and methanol; the biofilms were oxygen limited.

4. Summary

Biofilm systems are very complex. Often times out of experimental expediency, research
simplifies these complexities by dealing with in vitro, well-controlled laboratory systems that
use pure bacterial cultures. Such environmentally controlled systems have in the past provided
much information on the dynamics of biofilm formation and activity. However, only in rare
situations are the results of such pure culture work additive; mixed population biofilms pose
additional nuances on the structure and function of biofilms that can not be garnered from pure
culture systems. This lecture will exemplify a number mixed population bacterial biofilm
systems. Effects of mixed population biofilms on our understanding of biofilm structure, mass
transport properties of the biofilm matrix, and morphological characteristics of the biofilm
will be outlined. Mathematical modeling of population distributions within developing
biofilms will be presented and experimentally verified. Models presented could be extended to
other mixed cell biofilms including multiple species or strains, mixed procaryotic-eucaryotic
biofilms, and mixed cell line (bacteria, platelets, endothelial cell) biofilms.
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1 Introduction

The use of immobilized growing cells has become of increasing interest in the past few
years. Traditionally, biofilms are used in wastewater treatment (Canovas-Diaz and Howell
1988, Saez and Rittmann 1988, Suidan et al. 1987, Siegrist and Gujer 1987). In this field
the use of entrapped nitrifying bacteria is gaining importance, as this will lead to a more
stable and well-defined system (Wijffels and Tramper 1989). The overall volumetric pro-
ductivity of bioreactors can be largely enhanced by the application of immobilized cells.
The dilution rate can be very high since cells will not be washed out of the reactor. The
growth rate of nitrifying bacteria is always low and in particular the application of
immobilized cells is advantageous.

The combination of mass transport by diffusion and simultaneous substrate consumption is
described in numerous papers. Steady-state models for growing cells (Suidan et al. 1987,
Monbouquette and Ollis 1986, Andrews 1988) can be quite satisfactory for design purposes,
but may fail to describe the start-up phase and the response to changing conditions in the
reactor. Only a few are capable of describing transient states, since the majority of the
papers assume steady-state with a homogeneous biomass distribution, exclude growth
phenomena, and/or omit external diffusion limitation (Nakasaki et al. 1989, Sayles and Olis
1989, Monbouquette et al. 1990).

There are three rationales for a dynamic model : a dynamic model will contribute to the
understanding of the immobilized-cell process, it can be used to predict the dynamic
response of the system to a change in environmental conditions, and it can be used as a
tool in bioreactor design.

In this paper we describe the development of a model that is capable to describe simul-
taneous internal and external mass transport, substrate consumption, and biomass growth.
The model describes the occurrence of an inhomogeneous biomass distribution with time
(de Gooijer et al. 1991). Since it is based on non-specific bacterial kinetics and substrate
transfer by diffusion, it can be used in a general way. The model predicts substrate and
biomass profiles across immobilization supports, and, from that, the overall substrate
consumption rate by the immobilized biomass. This model was evaluated with Nitrobacter
agilis cells immobilized in spherical particles of x-carrageenan (Wijffels et al. 1991). With
oxygen as the limiting substrate, the model was shown to be able to describe very satis-
factorily the oxygen consumption rate for both the transient- and the steady-state at three
different bulk oxygen concentrations.
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2 Theory

In many aerobic systems oxygen is the limiting substrate, due to the rather low solubility
in water. In a previous paper (Wijffels et al. 1991) we have shown that this is also the case
for nitrifying bacteria, and that both internal and external diffusion limitation are likely
to be rate-limiting.

In the case of growing immobilized cells, substrate depletion near the centre of the bio-
catalyst bead will occur sooner or later, whereas a high substrate concentration will be
available near the surface. Therefore a growth model is needed that is capable of describing
both situations, i.e. allowing a negative net growth at low substrate concentrations, and a
maximum growth rate at high substrate concentrations. For that we use the growth model
suggested by Beeftink et al.(1990) :
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This is a combination of the models of Pirt (1965) and Herbert (1958). The specific growth
rate constant pu is described by the Monod equation.

Many researchers proved that the effective diffusion coefficient is affected by the con-
centration of biomass in the support material (Canovas-Diaz and Howell 1988, Andrews
1988, Wijffels et al. 1991). In order to account for the dependency of the effective
diffusion coefficient on the biomass concentration, we implemented a relationship that
generates an effective diffusion coefficient that varies linearly with the biomass. The
effective diffusion coefficient will become equal to the diffusion coefficient in the gel if
no biomass is present, and zero when all available space in the gel bead is occupied by
biomass. This is described by :

Dy=D, ,(1-X/X 3)

pmax)

The well-known differential equation for simultaneous consumption and diffusion of
substrate is given by:
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with the boundary conditions:
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In order to account for external mass-transfer resistance, we used a combination of Fick’s
law and the film theory :
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A straightforward application of the differential equations would lead to infinitively high
biomass concentrations near the surface of the bead. As this is impossible, a restriction was
added to this equation :

X <X o (6)

This set of equations was solved numerically as described before (de Gooijer 1991).

In a first extension of this model, the observation was implemented that biomass will grow
in colonies inside the gel bead as described by Salmon (1989). In that case the biomass in
the beads consists of a collection of colonies with different radii. The colony radius is
determined by the radial position of the colony in the bead, and colonies at a certain radial
position have identical diameters. Then, the volume of bacterial colonies in 0 < r < 1’ (see
figure 1) is given by

Ty,

v(r’)=3—2'/r2w(r.r’)dr (7
Ty o
where w (r,r’) is the volume of a colony at '
radial position r (0 < r < r’), and n the
number of colonies in one bead. In calculat-
ing o (r,r’), three cases must be considered
as illustrated in figure 1.

Case 1. r < 1’ - r(r). In this case the entire
colony will be situated in the area between
0 < r < r, and thus w(r,r’) = 4/3 1 (r.)3.

Case 2. r > r’ + r(r). Here, the colony is
situated entirely outside the area of interest,
so that w (r,r’) = 0.

Case 3. 1’ - r(r) <r <1’ + r(r). Part of the Figure 1. Symbols used for calculation of
colony is situated in the area of interest. For colony growth. (Adapted from Salmon
this situation Salmon (1989) derived that 1989).

e 2, Lt 2y , (®)
w(r,r )=~3~(2—(3—cos v’')cosv )+?(2+(3—cos ¥')cosV¥’)

in which cos v’ =(r2+r2-r’?/(2r.r) and cos ¥'=(r2-r?-r'2)/(2r’r). To be able to
calculate the biomass concentration at a radial position in the bead, we use

u(r’ )= v(r’a-1) %
p -l A etld

x

X =

3_ .3
T~ Tha-

in which p, is the biomass density, and n denotes the area number.

After some time colonies reach the surface of the beads. At this point two different
mechanisms were implemented. The first is based on the assumption that the colonies
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remain intact, and that further biomass growth is discharged into the medium. With the
second mechanism it is assumed that at the moment the colony reaches the bead surface,
its entire content is washed out into the medium.

3 Results and Discussion

A typical result of both the normal and the extended model is shown in Figure 2. In the
transient growth of immobilized cells, 4 phases can be recognized. In phase 1, there is
hardly any diffusion limitation, and homogeneous growth occurs. Phase 2 shows inho-
mogeneous growth, as in the centre of the sphere substrate depletion aggravates. In phase
3, the substrate hardly reaches the core of the sphere anymore, so biomass decays, where
at the outer shell the biomass concentration reaches its maximum. In the extended model,
the biomass colonies reach the outer shell of the bead and biomass eruption takes place.
Consequently, the biomass concentration at the surface of the bead drops. The difference
between the two methods of biomass discharge is negelectable.

Figure 2. Typical model predictions for growth of immobilized cells. Substrate con-
centrations (—) and Biomass concentrations (--- = bi.se model, — — = extended model)
versus radial position r at various times. The externzl stagnant layer is represented by
d.

In phase 4 this process of growth and decay continues and a distinct biomass film devel-
opes, whereas the substrate concentration in the centre of the sphere increases. At the end
time of the simulation a distinct biomass film near the surface of the bead has developed,
whereas the substrate concentration inside the bead corresponds to the maintenance level
of zero net growth.

The model was verified with Nitrobacter agilis cells immobilized in x-carrageenan, as
presented by Wijffels et al. (1991).

Immobilized cells were kept in an air-lift loop reactor at sufficiently high nitrite con-
centrations and constant oxygen concentrations, so that oxygen was the limiting substrate.
At two different oxygen concentrations the macroscopic oxygen consumption rates were
determined in time by measuring the nitrite consumption rate, and compared to model
predictions. Parameters used in the model are given in Table 1, and results are shown in
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Figure 3. The curves predicted by both models match the experimental results very well.
As can be seen from figure 4, the simulated biomass profile improved with the use of the
extended model.

Parameter Value Unity Parameter Value Unity
kjq 3.7*%10-% m/s Yys 1.16*¥10-3 kg/mol
De g 1.58*10-9 m2/s Hmax 1.0*%10-5 1/s
Ty 1.02*¥10-3 m K, 1.7*¥10-2 mol/m3
Xo 4.5%10-3 kg/m3 m 1.1*10-3 | mol/kg.s
X pmax 950 kg/m3 X max 11 kg/m3
tend 42 day NS 3.8/8.0 10-2
mol/m3
At 1 day
Table 1. Parameters used in the model evaluation (From Wijffels et al.
1991). Here, At is the time step for the growth process (equation
2), and X is the initial biomass concentration.
Figure 3.
Experimental evaluation

of the model. Macros-
copic consumption rates
at three different oxygen

macroscopic oxygen consumption rate [mol.n?.s’]
0.007

concentrations versus 0.006
time. Lines are model
predictions (— = base 0.008
model, --- = extended
model), markers are 0-004
experimental data. 0.003
Experiments were per-

formed at oxygen bulk
concentrations of 3.8%10-2
mol.m-3 (squares), and 0.001
8.0%10-2 mol.m"3 (circles).

0.002

0

50
time (days)
Sua = 0.080 mol.m Sua = 0.038 mol.m”
colony exp. model colony exp. model
bact._g_r?\_ﬂ!tl r_nodel bact. growth mode!
experiment experiment
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Figure 4. X/Xmax

The dimensionless biomass con-

centration versus radial position. i L
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4 Conclusions

The modeling of immobilized Nitrobacter agilis cells was successfully carried out.
Measured macroscopic oxygen consumption rates matched well with model predictions at
three different oxygen concentrations. Figure 2 shows that external diffusion limitation is
of high importance in the steady-state situation. Currently we are extending the model by
incorporating diffusion limitation over the micro-colonies. Furthermore, the model is
integrated with a flow model to an overall reactor model.
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1. Introduction

The development and use of biomaterials is one of the most important advances of
modern medicine. The replacement of diseased or damaged body parts by artificial
implants, e.g., joint or vascular prostheses, has restored the health of enormous numbers
of individuals. Many more temporary devices, e.g., urinary catheters, intravascular
catheters, endotrachael tubes, are inserted into patients for various lengths of time. A
numbers of materials are used for such devices, including titanium alloy, cobalt-
chromium-molybdenum alloy, and organic polymers (e.g., polytetrafluoroethylenes,
polyethylene) (Dickinson and Bisno, 1989), and all of these can serve as substrata for
bacterial biofilms. If bacteria reach these surfaces in vivo, either through the blood
stream, via a conduit to the outside of the body (e.g., as with a catheter), or by original
contamination of the device, then attachment to the surface and biofilm development can
occur. Indeed, the major complication of use of implants and prosthetic devices is
bacterial infection (Dickinson and Bisno, 1989).

A variety of bacteria are involved in the colonization of implants. These include
both Gram-negative organisms, e.g., Pseudomonas aeruginosa and Escherichia coli, and
Gram-positive bacteria, e.g., Staphylococcus aureus and S. epidermidis. This review will
focus on the colonization of urinary catheters by primarily Gram-negative bacteria, but
many of the general observations made with these systems apply to other types of
implant colonization.

2. Bacterial Colonization of Urinary Catheters
Long-term catheterization results in bacterial infection of the urinary tract (Warren et al.,

1987), because the catheter serves not only as a conduit for infection from outside
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sources, but also as a colonization site for bacteria. Here they can resist wash-out by
urine flow and antibiotic treatment (Dickinson and Bisno, 1989; Gristina, 1989). In
addition to providing a colonization site, hence focus for infection, the catheter may also
damage epithelium mucosa, allowing bacterial invasion into deeper mucosal layers.

Certain species have been consistently isolated from long-term catheter patients
with bacterial infection of the urinary tract (bacteriuria). Particularly common are Gram-
negative rods, such as Providencia stuartii, Proteus mirabilis, Escherichia, coli,
Pseudomonas aeruginosa, Morganella morganii, and Klebsiella pneumoniae (Warren
1986; Jewes et al., 1988; Stickler et al., 1988; Tenney and Warren, 1988). However, the
relative numbers of these bacteria in the urine are probably not a true reflection of their
numbers on the catheter surface. The abundance of bacteria in the liquid is influenced
not only by the size of the bacterial reservoir on the surface, but also by the degree to
which the different bacterial strains detach from the biofilm and are released into the
urine.

Since the colonization of catheters is invariably polymicrobial, i.e. involves more
than one species, interactions among those species determine biofilm ecology in several
ways. First, interactions can influence the initial attachment process (McEldowney and
Fletcher, 1987; Kolenbrander, 1988). For example, interactions among different isolates
from a food processing plant affected the attachment of the individual species to glass,
nylon, and steel surfaces (McEldowney and Fletcher, 1987). One species facilitated the
adhesion of others, whereas other species interfered with attachment. The type of
interaction depended on both the combination of species and chemical composition of the
attachment surface. Similarly, Lactobacillus cells or cell wall fragments interfered with
adhesion of uropathogens to human uroepithelial cells (Chan et al., 1985). Second, as
the cells grow and the biofilm develops, interactions among species can stabilize the
structure mechanically. In biofilms in the mouth, specific adhesive interactions have
been identified, such that different genera coaggregate due to the interaction of cell
surface molecules (Kolenbrander, 1988). Finally, competition for substrate and
production of metabolites will also influence the colonization success of bacteria within a
biofilm. For example, the production of urease by an organism in the urinary tract would
lead to an increase in pH, which would influence growth of other colonizing bacteria
(McLean et al., 1988). Thus, to understand polymicrobial colonization of the catheter
surface, it is clearly essential to understand the interaction of organisms in mixed
infections.

3. Factors Affecting Adherence

3.1. ADHESINS

A number of surface polymers or structures of bacteria play roles in their adherence. The
presence of fimbriae, in particular, has been implicated (Finlay and Falkow, 1989).

Isolates of E. coli from pyelonephritis patients can have several adhesins, including type
1,P, S, and F fimbriae (Arthur et al., 1989; Finlay and Falkow, 1989), while Type 1
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fimbriae aid in colonization of the catheter (Mobley et al., 1988). Similarly, Type 3
fimbriae, or MR/K hemagglutinin, of P. stuartii was positively correlated with long
episodes of bacteriuria in catheterized patients and may promote colonization and
persistence by adherence to the catheter surface (Mobley et al., 1986, 1988). With P.
aeruginosa, both fimbriae and extracellular polysaccharide, particularly alginate, have
been implicated in its adherence (McEachran and Irvin, 1985). Not only can fimbriae
and extracellular polymers bind cells to solid surfaces, but they also can mediate binding
among cells (Costerton et al., 1985; Kolenbrander, 1988) or, in the case of some
polymers, prevent cell association (Pringle et al., 1983). The potential for interactions
among cells, adhesive polymers, and proteins can change in time, as synthesis of surface
structures or polymers is initiated, ceased, or modified in response to environmental
conditions (Ombaka et al., 1983; Brown and Williams, 1985b; Mulligan and Gibbs,
1989).

In the urinary tract, urease production by catheter-associated bacteria could have
a particularly important influence on the biofilm community (Jones and Mobley, 1987,
Mobley and Warren, 1987). The result of urea hydrolysis is a rapid rise in pH due to the
production of ammonium, which would have a considerable effect on neighboring
bacteria in the biofilm. Moreover, the crystallization of struvite and apatite, ultimately
leading to stone formation, begins in the biofilm.

3.2. DISSOLVED PROTEINS

Production and presence of proteins can also influence biofilm community
characteristics, by influencing adhesive interactions or the physiological success of
particular members of the community. Adhesive interactions can be influenced by
proteins in two ways. First, interference can occur when proteins bind with adhesins.
Tamm-Horsfall protein (THP), for example, apparently binds to Type 1 fimbriae on E.
coli, reducing the ability of the cells to bind to mannose receptors of the urinary tract
epithelium (Orskov et al., 1980). This effect is dependent on concentration, however, as
concentrations of >100 ug/ml inhibit, but 5-25 ug/ml concentrations actually increase
adherence (Duncan, 1988). Similarly, THP binds to Type 1 fimbriae of P. stuartii
(Mobley et al., 1988).

Second, proteins can inhibit adhesion through steric hindrance (Robb, 1984).
Dissolved or surface-adsorbed protein, e.g., bovine serum albumin, can prevent bacterial
adhesion to solid substrata through steric effects by adsorbing either to the substratum or
to the bacterial surfaces (Fletcher, 1976; Fletcher and Marshall, 1982). THP has been
shown to bind nonspecifically with bacterial surface polymers (Schachner et al., 1987),
and could thus modify the efficiency of bacterial adhesives. Steric hindrance caused by
protein binding to substrata has been illustrated by BSA interfering with staphylococcal
adhesion to intravascular catheters (Vaudaux et al., 1989) and pseudomonad adhesion to
polystyrene (Fletcher, 1976). Proteins can indirectly influence adhesiveness if they are
utilized as nutrients and thus induce modifications in cell surface polymers. For
example, the synthesis of bacterial surface polysaccharides and fimbriae of Gram-
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negative urinary pathogens was considerably influenced by culture medium composition
(Chan and Bruce, 1983). For these reasons, THP and other dissolved substances, such as
oligosaccharides (Parkkinen et al., 1988), in urine are likely to influence adhesive
interactions to some extent.

3.3. SUBSTRATUM PROPERTIES

An environmental factor which can influence bacterial adhesion and surface colonization
is the composition of the underlying surface. The numbers of attached bacteria can vary
considerably on substrata such as plastics, metals, and glass (Fletcher and Loeb, 1979;
Pringle and Fletcher, 1983; van Pelt et al., 1985). Clinical studies have also shown that
bacteria may preferentially colonize different materials, such as the frequent occurrence
of Staphylococcus epidermidis on organic polymer implants, as compared with S. aureus
which was the major colonizer of metals, bone and joint, and soft tissue (Gristina, 1989).
Similarly, the adhesion of E. coli and Klebsiella was greater to latex and latex-Teflon
catheters than to silicone catheters in vitro (Sugarman, 1982). The surface properties
which can influence adhesion are surface charge (Fletcher and Loeb, 1979), surface free
energy (van Pelt et al., 1985; Busscher et al., 1986), hydrophilicity-hydrophobicity
(Pringle and Fletcher, 1983, 1986), and texture (Baker, 1984). From the standpoint of
preventing adhesion, one of the most promising surface properties is hydration.
Hydrogel materials resist both prokaryotic (Pringle and Fletcher, 1986) and eukaryotic
(Pekala et al., 1986; Owens et al., 1987) adhesion. The influence of substratum
composition on polymicrobial colonization of catheters is relatively unexplored, and
there may be potential for reducing colonization by using hydrogel materials.

4. Protection Against Antibiotics

One reason biofilms are particularly significant in the clinical situation is that bacteria in
biofilms are less sensitive to antibiotic treatment than free bacteria. For example, P.
aeruginosa colonizing catheter surfaces were considerably more resistant to tobramycin
than free cells (Nickel et al., 1985a,b) or cells resuspended from the catheter biofilm
(Anwar et al., 1989). Some biofilm bacteria remained viable at 1000 ug/ml tobramycin,
while free cells were killed by 50 ug/ml (Nickel et al., 1985a). Similarly, coagulase-
negative staphylococci colonizing polyvinylchloride catheters (Sheth et al., 1985) or a
range of biomaterials (Gristina et al., 1989) were more resistant to a range of antibiotics
than were free cells. Gristina et al. (1989) suggested that the degree of resistance was
species-dependent and influenced by substratum composition.

A possible reason for this enhanced resistance to antibiotics in biofilms was that
the biofilm bacteria were protected by the intercellular polymeric matrix, which retarded
diffusion of antibiotic to deeper layers (Costerton et al., 1985). More recent evidence
(Gristina et al., 1989; Nichols et al., 1988, 1989) and the application of models (Slack
and Nichols, 1982; Sheth et al., 1985; Nichols et al., 1989), however, indicate that
although polymers may restrict penetration of antibiotics somewhat, this cannot fully
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account for the observed increases in resistance. For example, although tobramycin was
bound by the extracellular polysaccharide of P. aeruginosa, the resultant decrease in
diffusion did not significantly increase penetration time with a spherical microcolony of
125 um radius (Nichols et al., 1988). Other studies have found no relationship between
bacterial slime production by coagulase-negative staphylococci and their survival on
catheters (Kunin and Steele, 1985) or other biomaterials (Gristina et al., 1989) after
antibiotic treatment.

An alternative explanation for the decreased susceptibility of biofilm bacteria is
that they are in a different metabolic state than free bacteria. Biofilm bacteria are
essentially in the stationary growth phase, whereas free bacteria in the log phase have
been used for comparisons (Brown et al., 1988). Therefore, measured differences in
susceptibility between free and attached bacteria may be misleading.

Biofilm bacteria are in a microenvironment different from that of free cells, and
consequently are probably phenotypically different because of different nutrient or
physicochemical conditions, such as osmolarity. There are many examples of differences
in metabolic activity (e.g., growth rate, substrate uptake, respiration) between attached
and free cells (cf. Fletcher, 1985). Bacterial characteristics which are likely to be
influenced by ambient co<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>